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Grasslands occupy about 52 million ha in Europe.  On at least 12 million ha, 
ryegrass cultivars (Lolium spp.) are used 
(http://europa.eu.int/comm/agriculture/envir/report/en/).  Lolium spp. are 
important forage species, used mainly as pasture, hay crop or ground cover.  
They are either grown alone or in mixture with legumes such as clovers (Prine, 
1991; Reed et al., 2000). 
The Lolium spp. belong to the family Poaceae, subfamily Pooideae and tribe 
Poeae.  L. perenne and L. multiflorum are two of the most important species 
belonging to the genus Lolium.  They are cool-season perennial bunchgrasses 
native to Europe, temperate Asia, and North Africa but are widely distributed 
throughout the world, including North and South America, Europe, New 
Zealand, and Australia.  High palatability and digestibility make these species 
highly valued for dairy and sheep forage systems (Balasko et al., 1995; Hannaway 
et al., 1999a & b). 
Perennial ryegrass or L. perenne is important in forage/livestock systems.  It 
has a high yield and fast establishment potential.  It has relatively good resistance 
to drought stress, is winter hard and persistent.  As a result, it is often the 
preferred forage grass in temperate regions of the world.  L. multiflorum or 
Italian ryegrass has lower stress resistance and lower persistence than L. perenne 
but has a higher yield potential.  It is an important short-duration grass.  It is used 
in many environments when fast cover or quick feed is required.  Both species 
can be crossed and result in a hybrid called L. x boucheanum, which shows 
intermediate characteristics such as intermediate persistence and intermediate 
yield (Hannaway et al., 1999a & b; Reed et al., 2000). 
 
1.2 Ryegrass breeding 
Ryegrasses are obligate out-breeders with a gametophytic self-incompatibility 
system.  As a consequence the breeding programs for ryegrasses involve the 
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r e c u r r e n t  s e l e c t i o n  o f  m u l t i p l e  p a r e n t a l  c l o n e s .   S e l e c t e d  c l o n e s  a r e  p o l y c r o s s e d  
a n d  g e n e r a t e  s y n t h e t i c  v a r i e t i e s  ( R e h e u l  a n d  G h e s q u i e r e ,  1 9 9 6 ;  V a n  B o c k s t a e l e ,  
1 9 9 8 ;  F o r s t e r  e t  a l . ,  2 0 0 1 ) .   T h i s  b r e e d i n g  s c h e m e  i s  a n  e f f e c t i v e  w a y  o f  
r e c o m b i n i n g  d e s i r a b l e  g e n e s  i n  a n  o u t - b r e e d i n g  g e n e  p o o l  t o  g i v e  s u f f i c i e n t l y  
u n i f o r m  c u l t i v a r s  b a s e d  o n  d i v e r s e  g e n e t i c  r e s o u r c e s .   O v e r  t h e  l a s t  f i f t y  y e a r s ,  
g r e a t  a d v a n c e s  h a v e  b e e n  m a d e  i n  r y e g r a s s  c u l t i v a r  d e v e l o p m e n t .   T r a d i t i o n a l  
f o r a g e  g r a s s  b r e e d i n g  p r o g r a m s  h a v e  s u c c e e d e d  i n  i m p r o v i n g  a  w i d e  r a n g e  o f  
v a l u a b l e  t r a i t s ,  b y  e x p l o i t i n g  a  w i d e  r a n g e  o f  g e n e t i c  r e s o u r c e s ,  b y  r e c o m b i n i n g  
a n d  s e l e c t i n g  n e w  g e n o t y p e s ,  b y  p o l y p l o i d i s a t i o n ,  …  ( H a y w a r d ,  2 0 0 0 ) .  
A s  a  r e s u l t  o f  t h e  b r e e d i n g  s c h e m e  d e s c r i b e d  a b o v e ,  s y n t h e t i c  p o p u l a t i o n s  a r e  
g e n e t i c a l l y  h e t e r o g e n e o u s  a n d  s h o w  a  h i g h  d e g r e e  o f  d e v e l o p m e n t a l  b u f f e r i n g  
c a p a c i t y .   H o w e v e r ,  t h i s  h a m p e r s  t h e  r a p i d  i m p r o v e m e n t  o f  r y e g r a s s  v a r i e t i e s .   
M u c h  o f  t h e  b r e e d i n g  s o  f a r  h a s  r e l i e d  o n  t h e  a c c u m u l a t i o n  o f  a d d i t i v e  g e n e  
e f f e c t s  i n  s y n t h e t i c  v a r i e t i e s  w i t h  l i t t l e  e x p l o i t a t i o n  o f  t h e  n o n - a d d i t i v e  g e n e t i c  
v a r i a t i o n  a s s o c i a t e d  w i t h  h e t e r o s i s  ( H u m p h r e y s ,  2 0 0 0 ) .   I t  i s  e x p e c t e d  t h a t  w i t h i n  
t h e  n e x t  f e w  y e a r s ,  t h e  a p p l i c a t i o n  o f  c u r r e n t  d e v e l o p m e n t s  i n  m o l e c u l a r  
b r e e d i n g  w i l l  e n h a n c e  t h e  e f f i c i e n c y  a n d  e f f e c t i v e n e s s  o f  t r a d i t i o n a l  b r e e d i n g  
m e t h o d s  a n d  o b j e c t i v e s .   
R e p r o d u c i b l e  a n d  e f f i c i e n t  g e n e t i c  t r a n s f o r m a t i o n  p r o t o c o l s  a r e  a v a i l a b l e  f o r  
L o l i u m  s p p .  ( F o r s t e r  a n d  S p a n g e n b e r g ,  1 9 9 9 ) .   T h i s  o p e n s  u p  o p p o r t u n i t i e s  t o  
e v a l u a t e  n o v e l  a p p r o a c h e s  t o  r y e g r a s s  i m p r o v e m e n t .   H o w e v e r ,  d u e  t o  t h e  
o u t b r e e d i n g  s y s t e m  a n d  t h e  f a c t  t h a t  g r a s s e s  a r e  a  m a j o r  c o m p o n e n t  o f  n a t u r a l  
e c o s y s t e m s  i n  m a n y  p a r t s  o f  t h e  w o r l d ,  t h e  r e l e a s e  o f  g e n e t i c a l l y  m o d i f i e d  
g r a s s e s  i s  o f  p u b l i c  c o n c e r n  ( H a y w a r d ,  2 0 0 0 ) .  
A  s e c o n d  d e v e l o p m e n t  i n  m o l e c u l a r  b r e e d i n g ,  w h i c h  c a n  b e  o f  u s e  i n  b r e e d i n g  
p r o g r a m s  i s  m a r k e r  t e c h n o l o g y .   T h e  i n c o r p o r a t i o n  o f  g e n e t i c  m a r k e r s  i n t o  
s e l e c t i o n  i n d i c e s  w i l l  h e l p  t o  i n c r e a s e  t h e  e f f i c i e n c y  o f  m u l t i - t r a i t  s e l e c t i o n ,  a v o i d  
u n d e s i r a b l e  c o r r e l a t e d  r e s p o n s e s  a n d  i d e n t i f y  c o m p o n e n t s  o f  s p e c i f i c  a n d  g e n e r a l  
a d a p t a t i o n   ( H u m p h r e y s ,  2 0 0 0 ) .  
 
1 . 3  M a r k e r  t e c h n o l o g y  i n  r y e g r a s s e s   
U s e  o f  m a r k e r s  i n  a p p l i e d  b r e e d i n g  p r o g r a m s  c a n  r a n g e  f r o m  f a c i l i t a t i n g  
a p p r o p r i a t e  c h o i c e  o f  p a r e n t s  f o r  c r o s s e s ,  t o  m a p p i n g / t a g g i n g  g e n e  b l o c k s  
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associated with economically important traits.  Gene tagging and Quantitative 
Trait Loci (QTL) mapping in turn permit Marker Assisted Selection (MAS) in 
backcross, pedigree and population improvement programs.  Plant numbers 
required to obtain the desired segregants can be readily predicted, allowing 
structured plant breeding programs to be designed.  MAS appears especially 
useful for crop traits that are otherwise difficult or impossible to deal with  by 
conventional means (Hash et al., 2000). 
Two major applications of molecular markers are currently being developed in 
ryegrasses: DNA profiling and MAS.  The first involves the use of markers for 
the evaluation of genetic diversity and for cultivar identification.  DNA profiling 
can be used, among others, to select genetically divergent parents, to evaluate the 
dynamics of population structure in natural and managed pastures, or to 
distinguish cultivars (Huff, 1997; Forster et al., 2001; Kubik et al., 2001; Roldán-
Ruiz et al., 2001; Wilkins et al., 2002).  The second area of application involves 
the use of markers to dissect the genetic complexity of key agronomic characters 
identified by breeders (Forster et al., 2000; Humphreys et al., 2000).  In this case, 
the genetic factors controlling the trait are identified by linkage mapping or 
association studies and associated markers are subsequently used for marker 
assisted selection.  
In contrast to important agricultural crops such as rice, wheat or maize, 
molecular research in ryegrasses has lagged behind during years.  Hayward et al. 
(1994) were the first to publish a linkage map for ryegrasses.  This map was 
based on restriction fragment length polymorphisms (RFLP), random amplified 
polymorphic DNAs (RAPDs) and isozyme markers.  Later on, more efficient 
PCR-based marker techniques such as amplified fragment length polymorphisms 
(AFLPs), sequence tagged sites (STS) and simple sequence repeats (SSRs) 
became available also for ryegrass and this led to the construction of more 
advanced linkage maps.  Currently, a Lolium reference map (the ILGI –
International Lolium Genome Initiative- map) containing RFLP, SSR, AFLP, 
isozyme and STS markers is publicly available (Jones et al., 2002a).  Although 
this map represents an important tool for the understanding of the ryegrass 
genome and for the analysis of the syntenic relationships with other grass 
species, the challenge at this moment is to identify the genomic regions involved 
in the determination of agronomic traits, in order to either implement MAS-
programs or to isolate the genetic factors responsible. 
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1 . 4  C r o w n  r u s t   
I n  t h i s  s t u d y ,  m o l e c u l a r  m a r k e r s  a r e  u s e d  t o  a n a l y z e  a  s p e c i f i c  t r a i t  o f  
r e l e v a n c e  i n  L o l i u m  b r e e d i n g .   W e  h a v e  c h o s e n  c r o w n  r u s t  r e s i s t a n c e ,  a s  t h i s  i s  a  
m a j o r  s e l e c t i o n  c r i t e r i o n  i n  c u r r e n t  b r e e d i n g  p r o g r a m s .   H a y w a r d  ( 1 9 7 7 )  s t u d i e d  
r e s i s t a n c e  t o  c r o w n  r u s t  i n  p e r e n n i a l  r y e g r a s s ,  b y  m e a n s  o f  a  d i a l l e l  c r o s s ,  i n  a  
s e r i e s  o f  n a t u r a l  p o p u l a t i o n s .   T h e  n a r r o w  s e n s e  h e r i t a b i l i t y  w a s  5 8 % .  
C o m p a r a b l e  n a r r o w - s e n s e  h e r i t a b i l i t y  v a l u e s  w e r e  a l s o  r e p o r t e d  b y  R e h e u l  &  
G h e s q u i e r e  ( 1 9 9 6 ) .   T h e y  e v a l u a t e d  p a r e n t a l  c l o n e s  o f  p e r e n n i a l  r y e g r a s s  a n d  
t h e i r  o f f s p r i n g  o v e r  2  y e a r s .   T h e  n a r r o w  s e n s e  h e r i t a b i l i t y  e s t i m a t e  b a s e d  o n  
p a r e n t - o f f s p r i n g  r e g r e s s i o n  w a s  4 6 % .   D e s p i t e  t h i s  h e r i t a b i l i t y ,  t h e  l e v e l s  o f  
r e s i s t a n c e  i n  r e c e n t l y  r e l e a s e d  c u l t i v a r s  h a v e  s h o w n  o n l y  l i m i t e d  i n c r e a s e  ( F i g .  
1 . 1 ) .   R e a s o n s  f o r  t h e  s l o w  i m p r o v e m e n t  c a n  b e  f o u n d  i n  t h e  c o m m e n t s  m a d e  b y  
H i d e s  a n d  W i l k i n s  ( 1 9 7 8 ) ,  S c h m i d t  ( 1 9 8 0 )  a n d  R e h e u l  &  G h e s q u i e r e  ( 1 9 9 6 ) .   
T h e  h e r i t a b i l i t y  o f  c r o w n  r u s t  r e s i s t a n c e  a l l o w s  g o o d  p r o g r e s s  i n  r e s i s t a n c e ,  
h o w e v e r ,  t h i s  p r o g r e s s  h a s  i t s  p r i c e :  t h e  n e g a t i v e  c o r r e l a t i o n  b e t w e e n  r e s i s t a n c e  
a n d  y i e l d  p e r f o r m a n c e .   A c c o r d i n g  t o  t h e s e  a u t h o r s ,  a  g a i n  o f  1  u n i t  r u s t  
r e s i s t a n c e  c o s t s  o n  a v e r a g e  1  %  D r y  M a t t e r  Y i e l d .   I t  i s  u n k n o w n  w h e t h e r  t h i s  
n e g a t i v e  c o r r e l a t i o n  i s  d u e  t o  l i n k a g e  o r  p l e i o t r o p i s m  o r  a r e  a s s o c i a t e d  w i t h  t h e  
r e l a x a t i o n  o f  s e l e c t i o n  p r e s s u r e  f o r  a g r o n o m i c  c h a r a c t e r i s t i c s  d u r i n g  s e l e c t i o n  f o r  
r u s t  r e s i s t a n c e  ( K i m b e n g ,  1 9 9 9 ) .   
B r e a k i n g  t h i s  a s s o c i a t i o n  s h o u l d  b e  p o s s i b l e  a s  d u r i n g  t h e  l a s t  d e c a d e  n e w l y  
r e l e a s e d  v a r i e t i e s  a r e  m o r e  p r o d u c t i v e  w h i l e  t h e i r  l e v e l  o f  c r o w n  r u s t  r e s i s t a n c e  
s t a y s  a t  a l m o s t  t h e  s a m e  l e v e l  ( F i g .  1 . 1 ) .   B y  u s i n g  m o l e c u l a r  m a r k e r s ,  t h e  t r a i t  
‘ c r o w n  r u s t  r e s i s t a n c e ’  c a n  b e  g e n o m i c a l l y  d i s s e c t e d  a n d  M A S  c a n  b e  u s e d  t o  
b r e a k  t h e  a s s o c i a t i o n  b e t w e e n  l o w  y i e l d  p e r f o r m a n c e  a n d  h i g h  c r o w n  r u s t  
r e s i s t a n c e .  
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Fig. 1.1 : Crown rust resistance (from 4=susceptible till 8=resistant) and total yield relative to 
cv. Condesa (100) of cultivars included in the French list of 2002 in function of year of 
inscription on the list. 
 
1.5 Objectives of current study 
The main objective of this study was to identify and characterize genomic 
regions involved in crown rust resistance in Lolium.  More concrete objectives 
were :  
1. to construct populations of the studied species (Lolium perenne, L. 
multiflorum and their interspecific hybrid L. x boucheanum), suited for 
the phenotypic and genotypic analysis of the studied trait. 
2. to use phenotypic analysis to formulate hypotheses about the number 
and nature of genomic regions involved in the determination of the trait 
in each of the populations studied. 
3. to use genotypic analysis to identify the genomic regions involved in 
crown rust resistance. 
4. to analyze the correspondence between genomic regions involved in 
crown rust resistance in the Lolium species studied. 
5. to align the constructed L. perenne map with other published Lolium 
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c o r r e s p o n d e n c e  b e t w e e n  t h e  g e n o m i c  r e g i o n s  i d e n t i f i e d  i n  t h e  p r e s e n t  
s t u d y  a n d  g e n o m i c  r e g i o n s  k n o w n  t o  b e  i n v o l v e d  i n  d i s e a s e  r e s i s t a n c e  
i n  o t h e r  G r a m i n e a e .   
T o  a c h i e v e  t h e s e  g o a l s ,  d i f f e r e n t  F
1
 p o p u l a t i o n s  w e r e  c o n s t r u c t e d  b y  p a i r  
c r o s s i n g  r e s i s t a n t  a n d  s u s c e p t i b l e  L .  p e r e n n e ,  L .  m u l t i f l o r u m  a n d  L .  x  
b o u c h e a n u m  p l a n t s .   T h e  a n a l y s i s  o f  t h e  p h e n o t y p i c  s e g r e g a t i o n  p a t t e r n s  i n  e a c h  
o f  t h e  p o p u l a t i o n s ,  a l l o w e d  u s  t o  f o r m u l a t e  h y p o t h e s e s  a b o u t  t h e  n u m b e r  a n d  
n a t u r e  o f  t h e  g e n o m i c  r e g i o n s  i n v o l v e d  i n  t h e  d e t e r m i n a t i o n  o f  t h e  s t u d i e d  t r a i t .   
T h e s e  r e s u l t s  a r e  p r e s e n t e d  i n  C h a p t e r  2 .   A f t e r w a r d s ,  t w o  d i f f e r e n t  a p p r o a c h e s  
w e r e  f o l l o w e d  t o  i d e n t i f y  g e n o m i c  r e g i o n s  i n v o l v e d  i n  c r o w n  r u s t  r e s i s t a n c e  i n  
e a c h  p o p u l a t i o n .   I n  a  f i r s t  a p p r o a c h ,  a  b u l k  s e g r e g a n t  a n a l y s i s  ( B S A )  w a s  c a r r i e d  
o u t  t o  i d e n t i f y  i n  a  q u i c k  w a y  A F L P  m a r k e r s  a s s o c i a t e d  w i t h  m a j o r  g e n e s  
i n v o l v e d  i n  c r o w n  r u s t  r e s i s t a n c e  ( C h a p t e r  3 ) .   S e c o n d l y ,  a  m a p - b a s e d  a p p r o a c h  
w a s  f o l l o w e d  t o  i d e n t i f y  m i n o r  g e n e s  i n v o l v e d  i n  c r o w n  r u s t  r e s i s t a n c e .   
D i f f e r e n t  m a r k e r  t y p e s  w e r e  e v a l u a t e d  f o r  t h e i r  u s e  i n  m a p  c o n s t r u c t i o n  a n d  Q T L  
a n a l y s i s  ( C h a p t e r  4 ) .   E s p e c i a l l y  m a r k e r s  o f  k n o w n  m a p  p o s i t i o n  o n  t h e  
r e f e r e n c e  I L G I  m a p  w e r e  c o n s i d e r e d .   T h i s  w a s  i n  o r d e r  t o  a l i g n  t h e  m a p s  
p r o d u c e d  i n  t h i s  s t u d y  w i t h  t h e  r e f e r e n c e  L o l i u m  m a p .   I n  C h a p t e r  5 ,  t h e  
c o n s t r u c t i o n  o f  t h e  l i n k a g e  m a p  f o r  t h e  L .  p e r e n n e  p o p u l a t i o n  i s  d e s c r i b e d .   A l s o  
i n  t h i s  c h a p t e r ,  t h e  a l i g n m e n t  o f  t h e  c o n s t r u c t e d  L .  p e r e n n e  m a p  w i t h  o t h e r  
L o l i u m  a n d  G r a m i n e a e  m a p s  i s  d i s c u s s e d .   T h e  r e s u l t s  o f  t h e  Q T L  a n a l y s i s  i n  t h e  
L .  p e r e n n e  p o p u l a t i o n  b y  d i f f e r e n t  a p p r o a c h e s  a r e  p r e s e n t e d  i n  C h a p t e r  6 .   
F i n a l l y ,  i n  C h a p t e r  7 ,  t h e  m a p  c o n s t r u c t i o n  a n d  Q T L  a n a l y s i s  i n  t h e  L .  
m u l t i f l o r u m  a n d  L .  x  b o u c h e a n u m  p o p u l a t i o n s  a r e  d i s c u s s e d .  
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Chapter 2 
Inheritance of crown rust resistance in 
different F1 populations of Lolium 
2.1 Introduction 
2.1.1 Crown rust : economic relevance  
Ryegrasses are susceptible to different biotic stresses; the most common 
diseases found in ryegrasses are listed in Table 2.1.  In this study, the focus is on 
crown rust (Fig. 2.1) because it is a common and major fungal disease of 
ryegrasses in temperate regions of the world, to which the main part of Europe 
belongs (Potter et al., 1990; Roderick & Thomas, 1997; Reheul et al., 2000). 
 
Table 2.1 : Bacterial and fungal diseases affecting Lolium spp. 
Disease Causal agent 
Crown rust Puccinia coronata Corda 
Stem rust P. graminis subsp. Graminicola 
Brown rust Puccinia loliina Sydow. 
Leaf spot Drechslera (Helminthosporium) spp. 








Fig. 2.1 : Disease symptoms of crown rust caused by 
Puccinia coronata on an infected L. multiflorum plant 
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C o n s e q u e n c e s  o f  c r o w n  r u s t  i n f e c t i o n  c a n  b e  f o u n d  a t  s h o r t  a n d  l o n g - t e r m  
l e v e l .   S h o r t - t e r m  l o s s e s  a r e  r e l a t e d  t o  y i e l d ,  p a l a t a b i l i t y  a n d  n u t r i t i v e  v a l u e .   
R e d u c e d  l o n g - t e r m  p r o d u c t i v i t y  a n d  r e d u c e d  p e r s i s t e n c e  a r e  a m o n g  t h e  m o s t  
i m p o r t a n t  l o n g - t e r m  l o s s e s  ( P l u m m e r  e t  a l . ,  1 9 9 0 ) .  
A t  s h o r t - t e r m ,  t h e  q u a l i t y  o f  t h e  h e r b a g e  i s  a f f e c t e d .   T h e  f u n g u s  p a r a s i t e s  t h e  
h o s t  a n d  d e p l e t e s  t h e  c a r b o h y d r a t e  r e s e r v e s ,  r e s u l t i n g  i n  e a r l y  s e n e s c e n c e  o f  t h e  
l e a v e s .   I n f e c t i o n  i n v o k e s  a  h i g h e r  c o n c e n t r a t i o n  o f  c r u d e  f i b r e s ,  l i g n i n  a n d  
a s h e s ,  w h i l e  t h e  c o n c e n t r a t i o n  o f  s o l u b l e  c a r b o h y d r a t e s  a n d  p r o t e i n s  d e c r e a s e s  
( P o t t e r ,  1 9 8 7 ) .   A s  a  c o n s e q u e n c e ,  c r o w n  r u s t  i n f e c t e d  r y e g r a s s  i s  l e s s  p a l a t a b l e  
a n d  i s  o f  l o w e r  n u t r i t i o n a l  q u a l i t y .   S c h m i d t  ( 1 9 8 0 )  r e p o r t e d  t h a t  i n  t h e  l a s t  c u t  o f  
t h e  s e a s o n  ( l a t e  S e p t e m b e r  –  m i d  O c t o b e r )  c r o w n  r u s t  c a n  c a u s e  y i e l d  l o s s e s  o f  
a b o u t  4 0  t o  6 0 %  a n d  e v e n  1 0 0 %  f o r  v e r y  s u s c e p t i b l e  v a r i e t i e s .   T h i s  r e p r e s e n t s  
l o s s e s  o f  a b o u t  1 0 - 2 0 %  f o r  t h e  y e a r l y  p r o d u c t i o n .   I n  S o u t h  S w e d e n ,  y i e l d  l o s s e s  
i n t  e h  m a g n i t u d e  o f  5 0 0 - 8 0 0  k g / h a  o f  d r y  m a t t e r  h a v e  b e e n  r e c o r d e d  ( J o n s s o n  e t  
a l . ,  1 9 9 8 ) .   
C r o w n  r u s t  a f f e c t s  t h e  l o n g - t e r m  p r o d u c t i v i t y  o f  g r a s s  s w a r d s .   S e v e r e  
i n f e c t i o n s  d e t r a c t  r y e g r a s s e s  f r o m  g r o w t h  a n d  r e c u p e r a t i v e  p o t e n t i a l ,  a n d  m a y  
p r e d i s p o s e  p l a n t s  t o  w i n t e r  i n j u r y .   T h e  n u m b e r  o f  t i l l e r s  a n d  r o o t s  d e c r e a s e s ,  
w h i c h  h a s  a n  i n f l u e n c e  o n  t h e  o v e r w i n t e r i n g  c a p a c i t y ,  a n d  t h e  r e g r o w t h  i n  t h e  
f o l l o w i n g  s p r i n g  ( K o p e c  e t  a l . ,  1 9 8 3 ) .   I n c r e a s e d  t i l l e r  d e a t h  i s  m o s t  p r o n o u n c e d  
a m o n g  y o u n g  t i l l e r s ,  r e s u l t i n g  i n  a l t e r a t i o n s  o f  s w a r d  a g e  s t r u c t u r e .   T h i s  a f f e c t s  
s e e d  p r o d u c t i o n  ( P l u m m e r  e t  a l . ,  1 9 9 2 ) .    
 
2 . 1 . 2  C r o w n  r u s t  :  c o n t r o l  
L o s s e s  c a u s e d  b y  c r o w n  r u s t  c a n  b e  r e d u c e d  b y  c h e m i c a l  c o n t r o l ,  b u t  i n  
s u s t a i n a b l e  a g r i c u l t u r e ,  e s p e c i a l l y  f o r  f o r a g e  c r o p s ,  c h e m i c a l  c o n t r o l  o f  
p a t h o g e n s  i s  e x p e n s i v e  a n d  n o t  d e s i r a b l e .   G o o d  m a n a g e m e n t  p r a c t i c e s ,  r e d u c i n g  
c o n d i t i o n s  f a v o u r a b l e  t o  c r o w n  r u s t ,  c o n s t i t u t e  t h e  b e s t  m e t h o d  t o  p r e v e n t  
e p i d e m i c s  ( K i m b e n g ,  1 9 9 9 ) .  
C r o w n  r u s t  i n f e c t i o n  b e c o m e s  m o s t  s e v e r e  o n  g r a s s e s  t h a t  g r o w  s l o w l y  
b e c a u s e  o f  s t r e s s f u l  c o n d i t i o n s ,  i n c l u d i n g  d r o u g h t ,  n u t r i e n t  d e f i c i e n c y ,  l o w  
m o w i n g  h e i g h t ,  s h a d e ,  a n d  o t h e r  p a t h o g e n i c  a t t a c k s .   E a r l y  i n o c u l a t i o n  r e s u l t s  i n  
t h e  a c c u m u l a t i o n  o f  s p o r e s  d u r i n g  a u t u m n ,  o f  w h i c h  t h e  s u r v i v a l  r a t e  i s  h i g h e r  
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with mild winters.  This spore mass serves as an inoculum for a new crown rust 
epidemic the next year (Prine, 1991). 
A good management practice to reduce crown rust losses in grassland is the 
use of resistant cultivars (Thomas, 1991).  Especially with the current tendency to 
minimize the nitrogen input, the use of resistant cultivars is needed as the less 
nitrogen, the more crown rust invades ryegrass.  Therefore, improving genetic 
resistance is one of the major goals in most ryegrass breeding programs (Wilkins, 
1991; Van Bockstaele, 1999; Reheul et al., 2000).  But as already shown in the 
introduction, the improvement of crown rust resistance in the recently released 
cultivars is limited. 
Before dissecting crown rust resistance in our particular populations, an 
overview is given of the available knowledge on the life cycle of Puccinia 
coronata and of available reports on inheritance of crown rust resistance in 
Lolium spp. 
 
2.1.3 Puccinia coronata : life cycle 
Crown rust is caused by Puccinia coronata, a Basidiomycete belonging to the 
order Uredinales.  It is a macrocyclic fungus, meaning that different kinds of 
spores are formed, and a heteroecious fungus, indicating that different hosts are 
necessary to complete the full reproduction life cycle of the fungus.  The 
complete life cycle of the pathogen is illustrated in Fig. 2.2 and spore types are 
represented in Fig. 2.3 (Agrios, 1997; Smith et al., 1997).   
Infected ryegrass foliage serves as the overwintering site for the dikaryotic 
mycelium and dikaryotic uredospores of crown rust fungi.  When weather is 
conducive to spore germination or mycelial growth, the foliage becomes infected 
and new uredial pustules are formed, uredospores are produced in abundance 
and released from the uredia.  These uredospores can be transported over long 
distances by wind.  This spore mixture constitutes the asexual reproduction stage 
of rusts, with new cycles beginning every two weeks (Agrios, 1997).   
C h a p t e r  2  




F i g .  2 . 2  :  S e x u a l  a n d  a s e x u a l  r e p r o d u c t i o n  c y c l e  o f  P u c c i n i a  c o r o n a t a  a d a p t e d  f r o m  A g r i o s  
1 9 9 7 ) .  
 
R u s t  f u n g i  h a v e  i n  a d d i t i o n  t o  t h e  a s e x u a l  r e p r o d u c t i o n  c y c l e ,  a  s e x u a l  
r e p r o d u c t i o n  c y c l e .   O n  m a t u r a t i o n  o r  d r y i n g  o f  t h e  p l a n t  f o l i a g e ,  c r o w n  r u s t  
p r o d u c e s  t e l i o s p o r e s .   T e l i a  o c c u r  o n  a b a x i a l  l e a f  s u r f a c e s  n e x t  t o  u r e d i a ,  b u t  a r e  
l i n e a r  a n d  b l a c k .   T h e  t e l i o s p o r e  m a y  o v e r w i n t e r  a n d  t h e n  g e r m i n a t e  t o  p r o d u c e  a  
b a s i d i u m .   T h e  b a s i d i u m ,  f o l l o w i n g  m e i o s i s ,  p r o d u c e s  f o u r  h a p l o i d  
b a s i d i o s p o r e s .   T h e s e  s p o r e s  b e c o m e  a i r b o r n e .   B y  w i n d  t h e y  a r e  t r a n s p o r t e d  a n d  
i f  t h e y  s e t t l e  d o w n  o n  a  s u s c e p t i b l e  n o n - g r a s s  h o s t ,  t h e y  c a n  g e r m i n a t e  a n d  c a u s e  
a  n e w  i n f e c t i o n .   B a s i d i o s p o r e s  o f  P .  c o r o n a t a  g e r m i n a t e  o n  R h a m n u s  s p p . ,  
S p e r m o g o n i u m  c o n t a i n i n g  h a p l o i d  
s p e r m a t i a  a n d  r e c e p t i v e  h y p h a e  o n  
R h a m n u s  s p p .  
H a p l o i d  b a s i d i o s p o r e s  
G e r m i n a t i n g  t e l i o s p o r e s  
p r o d u c i n g  b a s i d i u m .  
T e l i u m  w i t h  t e l i o s p o r e s  o n  
L o l i u m  s p p .  
D i k a r y o t i c  u r e d i u m  w i t h  d i k a r y o t i c  
u r e d o s p o r e s  o n  L o l i u m  s p p .  
D i k a r y o t i c  
a e c i u m  w i t h  
d i k a r y o t i c  
a e c i o s p o r e s  o n  
R h a m n u s  s p p .  
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producing haploid mycelium that forms spermagonia, containing haploid 
spermatia and receptive hyphae.  Spermatia act as male gametes and are unable to 
infect plants; their function is the fertilization of receptive hyphae of the 
compatible mating type and subsequent production of dikaryotic mycelium and 
dikaryotic spores.  This mycelium forms aecia that produce aeciospores, which 
on infection of Lolium plants produce more dikaryotic mycelium that this time 
forms uredia.  The latter produce uredospores, which also infect and produce 
either more uredia and uredospores or near host maturity telia and teliopores.  
Thus completing the sexual life cycle.  It must be emphasized, however, that 
spore types other than uredospores are rarely important for the occurrence of 
rusts on grasses.  Rhamnus spp. are considered important for genetic 
recombination within the fungus, as the sexual reproduction cycle takes only 














Fig. 2.3 : Spore types necessary for the sexual reproduction cycle of Puccinia coronata : 
uredospores and teliospores on Lolium spp.; spermagonia and aeciospores on Rhamnus spp. 
(pictures provided by F. Schubiger, FAL, Zürich, Switserland).  
 
There is evidence of genetic variation among Puccinia coronata populations.  












C h a p t e r  2  
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v i r u l e n c e  o n  p a r t i c u l a r  p e r e n n i a l  r y e g r a s s  g e n o t y p e s  ( r e v i e w e d  b y  K i m b e n g ,  
1 9 9 9 ) .   G i v e n  t h e  e c o n o m i c  i m p o r t a n c e  o f  c r o w n  r u s t  e p i d e m i c s ,  t h e  E U C A R P I A  
F o d d e r  C r o p s  a n d  A m e n i t y  G r a s s e s  S e c t i o n  d e c i d e d  i n  2 0 0 0  t o  s e t  u p  a  m u l t i s i t e  
r u s t  e v a l u a t i o n  t e s t ,  i n  w h i c h  d i f f e r e n t  L .  m u l t i f l o r u m  a n d  L .  p e r e n n e  c u l t i v a r s  
a r e  e v a l u a t e d  a t  d i f f e r e n t  s i t e s  i n  E u r o p e  o n  a  r e g u l a r  t i m e  b a s i s .   T h e  a i m  i s  t o  
d e t e r m i n e  s p a t i a l  a n d  t e m p o r a l  d i v e r s i t y  i n  r u s t  s u s c e p t i b i l i t y  o f  a  s e t  o f  r y e g r a s s  
c u l t i v a r s .   B o l l e r  e t  a l .  ( 2 0 0 2 )  r e p o r t e d  o n  t h e  f i r s t  f i e l d  r e s u l t s  o f  2 0 0 1 .   T h e y  
o b t a i n e d  a  c o n s i s t e n t  r a n k i n g  o f  t h e  c u l t i v a r s  a c r o s s  t h e  d i f f e r e n t  s i t e s .   H o w e v e r ,  
u s i n g  a  p r i n c i p a l  c o m p o n e n t  a n a l y s i s  o n  t h e  c r o w n  r u s t  d a t a  o b t a i n e d  o n  t h e  L .  
p e r e n n e  c u l t i v a r s ,  t h e y  c o u l d  d i f f e r e n t i a t e  t h e  f i e l d  t r i a l s  p e r f o r m e d  i n  W e s t e r n  
E u r o p e  ( F r a n c e )  f r o m  t h e  t r i a l s  c o n d u c t e d  i n  N o r t h - W e s t e r n  a n d  N o r t h e r n  
r e g i o n s .   T h i s  i n d i c a t e s  t h e  p r e s e n c e  o f  d i f f e r e n t  s t r a i n s  o f  c r o w n  r u s t  i n  d i f f e r e n t  
r e g i o n s  a n d / o r  i m p o r t a n t  i n t e r a c t i o n  w i t h  e n v i r o n m e n t a l  c o n d i t i o n s .   T h i s  
d e p e n d e n c e  o f  c r o w n  r u s t  s u s c e p t i b i l i t y  o n  t h e  t e s t i n g  s i t e  w a s  a l s o  r e p o r t e d  b y  
R e h e u l  e t  a l .  ( 1 9 9 6 ) .   W i t h i n  t h e  E U C A R P I A  m u l t i s i t e  t e s t i n g ,  f u r t h e r  r e s e a r c h  
w i l l  h a v e  t o  p r o v e  t h e  e x i s t e n c e  o f  r e g i o n a l l y  d i f f e r e n t i a t e d  s p o r e  m i x t u r e s  o v e r  
t h e  d i f f e r e n t  r e g i o n s .    
 
2 . 1 . 4  I n f e c t i o n  p r o c e s s  a t  t h e  c e l l u l a r  l e v e l  
P u c c i n i a s  a r e  b i o t r o p h i c  f u n g i ,  t h a t  p a r a s i t e  t h e  m e s o p h y l l  c e l l s  w i t h o u t  k i l l i n g  
t h e m .   A f t e r  d e p o s i t i o n  o f  t h e  u r e d o s p o r e s  o n  t h e  l e a f  a n d  u n d e r  f a v o u r a b l e  
c o n d i t i o n s ,  s p o r e s  g e r m i n a t e .   T h e  g e r m i n a t e d  s p o r e  i n v a d e s  t h e  l e a f  v i a  t h e  
s t o m a t a .   E a c h  a p p r e s s o r i u m  p r o d u c e s  a  s u b s t o m a t a l  v e s i c l e  w h i c h  i n  t u r n  
u s u a l l y  g i v e s  r i s e  t o  o n e  o r  t w o  t h i n  i n f e c t i o n  h y p h a e .   I n f e c t i o n  h y p h a e  e l o n g a t e  
a n d  b r a n c h .   S m a l l  r o u n d  h a u s t o r i a  a r e  o b s e r v e d  i n  m e s o p h y l l  c e l l s  t w o  t o  t h r e e  
d a y s  a f t e r  i n o c u l a t i o n .   S u b e p i d e r m a l  s t r o m a t a  p r o d u c i n g  a b u n d a n t  u r e d o s p o r e s  
b e g i n  t o  d i f f e r e n t i a t e  i n  t h e  i n f e c t e d  l e a v e s  a f t e r  s i x  t o  e i g h t  d a y s  a n d  e r u p e n t  
u r e d i a  a r e  d e t e c t e d  a f t e r  e i g h t  d a y s  ( M a r t e  e t  a l . ,  1 9 9 4 ;  R o d e r i c k  &  T h o m a s ,  
1 9 9 7 ) .    
M a r t e  e t  a l .  ( 1 9 9 4 )  f o u n d  d i f f e r e n c e s  a t  s e v e r a l  s t a g e s  o f  i n f e c t i o n  w h e n  
c o m p a r i n g  s u s c e p t i b l e  a n d  r e s i s t a n t  p l a n t s .   F i r s t ,  a  r e d u c e d  r a t e  o f  s t o m a t a l  
p e n e t r a t i o n  b y  f u n g a l  a p p r e s s o r i a  w a s  o b s e r v e d  i n  t h e  r e s i s t a n t  p l a n t s .   
T h e r e a f t e r  f u n g a l  d e v e l o p m e n t  s t o p p e d  i n  t h e  r e s i s t a n t  p l a n t  a n d  h a u s t o r i a  
r e m a i n e d  s m a l l  a n d  r o u n d - s h a p e d  w h e r e a s  t h e y  b e c a m e  b i g g e r  a n d  l o b a t e  i n  t h e  
s u s c e p t i b l e  p l a n t .   S e c o n d ,  t h e y  o b s e r v e d  t h a t  i n  t h e  r e s i s t a n t  p l a n t ,  h a u s t o r i u m  
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invaded cells showed more distinct signs of degradation compared to the 
susceptible control.  Some cells adjacent to cells containing a haustorium became 
necrotic.  No further fungal growth was observed in the resistant plant by this 
time and most of the previously formed infection hyphae appeared empty and 
were frequently collapsed.  This hypersensitive necrosis in response to rust 
invasion is usually controlled by major genes (Hammond-Kosack and Jones, 
1997).  Marte et al. (1994) stated that the occurrence of more than one 
histological response in a single plant-rust fungus interaction may indicate that 
multiple resistance mechanisms are activated by the plant against the invader 
organism.  
 
2.1.5 Sources of resistance in ryegrass 
Next to knowledge about the pathogen, knowledge about sources of resistance 
in the host is available.  Several publications describe the mode of inheritance of 
crown rust resistance in Lolium spp.  Reports exist on either qualitative 
resistance, conferred by a major gene or on quantitative resistance, conferred by 
multiple minor genes.  In one case, maternal transmission of resistance is 
reported. 
For example, Wilkins (1975) observed two different genetic systems of crown 
rust resistance in Italian ryegrass: one type explained by a single dominant, major 
gene and the other by the additive effect of several minor genes.  In the case of 
dominant genes, resistance worked in an ambidirectional way, which means 
depending on the involved alleles, resistance was dominant or recessive.  Wilkins 
(1975) reported that if a single strain of crown rust was used, major factors were 
revealed in Italian ryegrass, probably controlled by a single dominant gene.  The 
remaining variation in resistance to the pathogen was controlled by a relatively 
large number of genes with minor effects, exhibiting neither dominance nor 
epistasis.  These major genes confer complete resistance to the pathogen strains 
they are active against, and in this way resistance can significantly be improved 
by selecting for the presence of these genes.  He warned, however, for the use of 
these major genes in breeding programs, as the resistance tends to be lost fairly 
easily due to genetic evolution of the pathogen.  Schmidt (1980) observed a 
similar pattern: one single dominant gene was responsible for crown rust 
resistance in Italian ryegrass, but the action of this gene was influenced by 
several complementary genes with an additive action.  
C h a p t e r  2  
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H a y w a r d  ( 1 9 7 7 )  r e p o r t e d  o n  c r o w n  r u s t  r e s i s t a n c e  i n  L .  p e r e n n e .   I n  t h e  
s t u d i e d  m a t e r i a l ,  r e s i s t a n c e  h a d  a  q u a n t i t a t i v e  c h a r a c t e r ,  w h e r e  g e n e s  w e r e  
d o m i n a n t  b u t  a m b i d i r e c t i o n a l .   M c V e i g h  ( 1 9 7 5 )  f o u n d  i n  p e r e n n i a l  r y e g r a s s  
q u a l i t a t i v e  r e s i s t a n c e  c o n t r o l l e d  b y  t w o  r e c e s s i v e  a l l e l e s  b u t  a l s o  q u a n t i t a t i v e  
r e s i s t a n c e .   L e l l b a c h  ( 1 9 9 9 )  i d e n t i f i e d  i n  a  F
2
 L .  p e r e n n e  p o p u l a t i o n  t w o  m a j o r  
g e n e s  i n v o l v e d  i n  c r o w n  r u s t  r e s i s t a n c e .   R o d e r i c k  e t  a l .  ( 2 0 0 0 )  i n t r o g r e s s e d  
r e s i s t a n c e  f a c t o r s  f r o m  F e s t u c a  p r a t e n s i s  i n t o  L .  p e r e n n e .   T h e  i n t r o d u c e d  
r e s i s t a n c e  w a s  t e m p e r a t u r e  i n s e n s i t i v e  i n  o n e  o f  t h e  i n t r o g r e s s i o n  l i n e s .  T h i s  w a s  
i n  c o n t r a s t  t o  t h e  o b s e r v e d  i n c r e a s e d  s u s c e p t i b i l i t y  w h e n  L .  p e r e n n e  p l a n t s  w e r e  
i n c u b a t e d  a t  2 5 ° C  c o m p a r e d  t o  1 0 ° C .  
A d a m s  e t  a l .  ( 2 0 0 0 )  d e s c r i b e d  m a t e r n a l l y  i n h e r i t e d  c r o w n  r u s t  r e s i s t a n c e  i n  a  
L .  m u l t i f l o r u m  c r o s s .   T h e  m a t e r n a l  f a c t o r  d e t e c t e d  i s  s t a b l e  a n d  t r a n s m i t t e d  t o  
t h e  p r o g e n y  i n  a  p r e d i c t a b l e  w a y  ( J .  B a e r t ,  C L O - D v P ,  p e r s o n a l  c o m m u n i c a t i o n ) .   
I n  s u m m a r y ,  m a j o r  a n d  m i n o r  g e n e s  c o n f e r r i n g  c r o w n  r u s t  r e s i s t a n c e  s e e m  t o  
b e  p r e s e n t  i n  r y e g r a s s e s .   T h e  m o s t  e f f e c t i v e  w a y  o f  c o n t r o l l i n g  c r o w n  r u s t  
w o u l d  b e  t o  u s e  r e s i s t a n t  r y e g r a s s  v a r i e t i e s  w i t h  s p e c i f i c  r e s i s t a n c e  g e n e s .   
H o w e v e r  t h e  d e v e l o p m e n t  o f  n e w  i s o l a t e s  o f  c r o w n  r u s t  b y  m u t a t i o n ,  h y p h a l  
a n a s t o m o s i s  o r  s e x u a l  r e c o m b i n a t i o n  i n  R h a m n u s  o f t e n  r e n d e r s  t h e s e  v a r i e t i e s  
s u s c e p t i b l e  ( P o s s e l t ,  1 9 9 4 ) .   R a c e - s p e c i f i c  r e s i s t a n c e  t o  c r o w n  r u s t  i s  u s u a l l y  
c h a r a c t e r i z e d  b y  t h e  h o s t ’ s  h y p e r s e n s i t i v e  r e a c t i o n  a n d  i s  o l i g o g e n i c  i n  n a t u r e .   
C u r r e n t  i n t e r e s t s  l i e ,  h o w e v e r ,  i n  t h e  d e v e l o p m e n t  o f  g e n e r a l  o r  h o r i z o n t a l  
r e s i s t a n c e  w h e r e  q u a n t i t a t i v e  r e s p o n s e  i s ,  m o s t  o f t e n ,  i n h e r i t e d  p o l y g e n i c a l l y .   I n  
t h e o r y ,  t h i s  m u l t i g e n e  r e s i s t a n c e  o f f e r s  i n c r e a s e d  s t a b i l i t y  b e c a u s e  t h e  h o s t  h a s  a n  
i n c r e a s e d  b u f f e r i n g  c a p a c i t y  a g a i n s t  t h e  p a t h o g e n  ( K o p e c  e t  a l . ,  1 9 8 3 ) .  
D i s c u s s i o n  e x i s t s  a b o u t  w h a t  k i n d  o f  i n o c u l u m  t o  u s e  f o r  s e l e c t i o n  a n d  f o r  
r e s i s t a n c e  s t u d i e s .   W i l k i n s  ( 1 9 7 5 )  p o i n t e d  a l r e a d y  t o  t h e  u s e  o f  s i n g l e  s p o r e  
c o l o n i e s ,  i n  o r d e r  t o  i d e n t i f y  m a j o r  g e n e s .   O t h e r  a u t h o r s  l i k e  P o s s e l t  ( 1 9 9 4 )  
e m p h a s i s e  o n  t h e  u s e  o f  m i x t u r e s  i n  o r d e r  t o  o b t a i n  n o n  s t r a i n - s p e c i f i c  
r e s i s t a n c e ,  w h i c h  i s  m o r e  l o n g  l a s t i n g .   F i e l d  d a t a  s e e m  t o  c o r r e s p o n d  b e t t e r  t o  
a r t i f i c i a l  i n o c u l a t i o n  d a t a  w h e n  a  c r o w n  r u s t  p o p u l a t i o n  w i t h  a  b r o a d  g e n e t i c  
b a s i s  i s  u s e d  f o r  i n f e c t i o n  ( P o s s e l t ,  1 9 9 4 ) .   I n  t h i s  s t u d y ,  a  s p o r e  m i x t u r e  w i l l  b e  
u s e d .   H o w e v e r ,  w e  s h o u l d  b e a r  i n  m i n d  t h a t  i n o c u l a t i n g  w i t h  a  s p o r e  m i x t u r e ,  
c o n t a i n i n g  d i f f e r e n t  p h y s i o l o g i c a l  r a c e s ,  t h a t  i n f e c t i o n  c a n  b e  d u e  t o  m a i n l y  o n e  
d o m i n a n t  p h y s i o l o g i c a l  r a c e .   
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2.2 Objectives and rationale 
The objectives of the experiments described in this chapter were:  
(i) to construct segregating populations suitable for mapping crown rust 
resistance in ryegrasses.  F1 populations segregating for crown rust resistance 
were created by crossing a resistant and a susceptible parent plant.  L. 
multiflorum and L. perenne were included in the analysis as well as the 
interspecific hybrid, L. x boucheanum.  This allowed the comparison of the 
results obtained in these genetically closely related species. 
Several crosses of L. perenne x L. perenne, L. multiflorum x L. multiflorum 
and L. x boucheanum x L. x boucheanum were initially performed, but just one 
of each kind was finally chosen for marker analysis.  Seed yield, seedling 
survival and the mode of inheritance of the resistance were used as criteria for 
the selection of the crosses to be analysed thoroughly. 
(ii) to determine the mode of inheritance of crown rust resistance in these 
populations.  F1 populations were phenotyped for crown rust resistance, using an 
artificial inoculation test.  This artificial inoculation test was chosen above field 
evaluations because crown rust epidemics in the field are unpredictable in time 
and severity, and are not uniformly spread over the field.  In the artificial 
inoculation test, spore mixtures were used rather than Puccinia strains, as the 
intention of this study was to identify genetic factors controlling broad-based 
resistance.  In order to verify hypotheses concerning inheritance of crown rust 
resistance in the F1 populations, F2 populations obtained by selfing resistant F1 
plants were produced and phenotyped. 
This thorough phenotypic characterisation of the populations was considered 
necessary, as studies presenting different kinds of resistance for crown rust in 
Lolium had been reported (see 2.1.5).  On the basis of the results obtained in this 
analysis, a sound strategy for the identification of markers linked with loci 
controlling resistance in the selected crosses was developed. 
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2 . 3  M a t e r i a l  a n d  m e t h o d s  
2 . 3 . 1  P l a n t  m a t e r i a l  
T h r e e  d i f f e r e n t  L o l i u m  s p p .  w e r e  s t u d i e d :  L .  p e r e n n e ,  L .  x  b o u c h e a n u m  a n d  
L .  m u l t i f l o r u m .   F o r  e a c h  s p e c i e s ,  c r o s s e s  w e r e  m a d e  b e t w e e n  a  d i p l o i d ,  c r o w n  
r u s t  r e s i s t a n t  a n d  a  d i p l o i d ,  c r o w n  r u s t  s u s c e p t i b l e  p l a n t .   A n  o v e r v i e w  o f  t h e  
d i f f e r e n t  c r o s s e s  m a d e  i s  g i v e n  i n  T a b l e  2 . 2 .  
•  L .  p e r e n n e  c r o s s e s :  P e r e n n i a l  r y e g r a s s  a c c e s s i o n s  w e r e  s c r e e n e d  f o r  c r o w n  
r u s t  r e s i s t a n c e  a t  t h r e e  d i f f e r e n t  f i e l d  l o c a t i o n s  i n  1 9 9 7  b y  A d v a n t a  V a n  d e r  
H a v e  ( R i l l a n d ,  T h e  N e t h e r l a n d s ) .   S i x  r e s i s t a n t  g e n o t y p e s  a n d  s i x  s u s c e p t i b l e  
p l a n t s  w e r e  s e l e c t e d  a n d  c r o s s e d  t w o  b y  t w o  ( T a b l e  2 . 2 ) .   C r o s s i n g  
e x p e r i m e n t s  w e r e  p e r f o r m e d  b y  A d v a n t a  V a n  d e r  H a v e  i n  t h e  g r e e n h o u s e  
u n d e r  c o n t r o l l e d  c o n d i t i o n s .   F l o w e r i n g  s t a l k s  o f  t h e  t w o  c r o s s i n g  p a r t n e r s  
w e r e  p l a c e d  t o g e t h e r  a n d  i s o l a t e d  u s i n g  p l a s t i c  b a g s .   W h e n  s e e d s  w e r e  r i p e ,  
s t a l k s  w e r e  h a r v e s t e d  s e p a r a t e l y  f r o m  e a c h  p a r e n t  ( i . e .  e a c h  c r o s s  r e n d e r e d  
t w o  s e e d  s t o c k s ) .  
•  L .  x  b o u c h e a n u m  c r o s s e s :  H y b r i d  r y e g r a s s  a c c e s s i o n s ,  o r i g i n a t i n g  f r o m  a  
c r o s s  o f  a  s u s c e p t i b l e  L .  m u l t i f l o r u m  p l a n t  a n d  a  r e s i s t a n t  L .  p e r e n n e  p l a n t ,  
w e r e  s c r e e n e d  i n  1 9 9 7  f o r  c r o w n  r u s t  r e s i s t a n c e  b y  a n  a r t i f i c i a l  i n o c u l a t i o n  
m e t h o d  ( f o r  m e t h o d  d e s c r i p t i o n  s e e  b e l o w ) .   T h r e e  r e s i s t a n t  a n d  t h r e e  
s u s c e p t i b l e  F
1
 p l a n t s  w e r e  s e l e c t e d  a n d  u s e d  f o r  c r o s s i n g  e x p e r i m e n t s .   T h r e e  
p a i r  c r o s s e s  b e t w e e n  a  r e s i s t a n t  a n d  a  s u s c e p t i b l e  F
1
 L .  x  b o u c h e a n u m  p l a n t  
w e r e  m a d e  b y  A d v a n t a  V a n  d e r  H a v e  ( R i l l a n d ,  T h e  N e t h e r l a n d s )  u s i n g  t h e  
s a m e  t e c h n i q u e  a s  d e s c r i b e d  f o r  t h e  L .  p e r e n n e  c r o s s i n g  e x p e r i m e n t s .   F
1
 s e e d  
w a s  h a r v e s t e d  o n  e a c h  c r o s s i n g  p a r t n e r  ( i . e .  e a c h  c r o s s  r e n d e r e d  t w o  s e e d  
s t o c k s ) .  
•  L .  m u l t i f o r u m  c r o s s e s :  T h e  s t u d i e d  I t a l i a n  r y e g r a s s  c r o s s e s  w e r e  d e s c r i b e d  
b y  A d a m s  e t  a l .  ( 2 0 0 0 ) .   I t a l i a n  r y e g r a s s  a c c e s s i o n s  w e r e  s c r e e n e d  f o r  c r o w n  
r u s t  r e s i s t a n c e  i n  t h e  s u m m e r  o f  1 9 9 3  a f t e r  a  s e v e r e  n a t u r a l  i n f e c t i o n  a t  D v P -
C L O  ( M e l l e ,  B e l g i u m ) .   T h r e e  r e s i s t a n t  p l a n t s ,  A x i s - 1 ,  A x i s - 2  a n d  A x i s - 3  w e r e  
s e l e c t e d  f r o m  t h e  c v .  A x i s ,  w h i c h  i s  k n o w n  t o  d i s p l a y  m o d e r a t e  t o  g o o d  
r e s i s t a n c e  a g a i n s t  c r o w n  r u s t  a n d  o t h e r  d i s e a s e s  ( N e u s c h ,  1 9 9 0 ) .   S e v e r e l y  
i n f e c t e d  p l a n t s  w e r e  s e l e c t e d  i n  t h e  L .  m u l t i f l o r u m  g e n e  p o o l  o f  D v P - C L O  




- 1 ,  B- 1  a n d  B- 9 0 .   T h e  c r o s s e s  w e r e  m a d e   
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Table 2.2 : Overview of pair crosses made between resistant (R) and susceptible (S) 
plants of the three species studied.  The first plant name in each cross is the name of the 
R plant, the second the S plant.  The amount of seeds harvested on the respective parent 
plants is given in grams (diploid seed weighs about 2 g/ 1000 seeds) or in number of 
seeds.  The crosses selected for further analysis are given in bold and the number of 
seedlings evaluated phenotypically is given in the last column. 
Crosses Harvested seeds Evaluated seed 
 R parent S parent Total # of plants 
inoculated 
L. perenne     
TB1*SA1 0.1 g 0.1 g 0.2 g 56 
TB2*SA1 0.1 g 0.1 g 0.2 g  
TC1*SA2 10  seeds 0.1 g 0.1 g  
TC2*SA2   5  seeds 0.2 g 0.2 g  
TA1*SB1 0.2 g 0.4 g 0.6 g  
TA2*SB1 0.1 g 0.2 g 0.3 g  
TC1*SB2 0.2 g 0.7 g 0.9 g 291 
TC2*SB2 0.2 g 0.8 g 1    g  
TA1*SC1 0.1 g 10  seeds 0.1 g  
TA2*SC1 0.1 g 0.1 g 0.2 g 83 
TB1*SC2 None 0.1 g 0.1 g  
TB2*SC2 None 0.1 g 0.1 g  
L. x boucheanum     
2A2*1B12 211 seeds 77 seeds 288 seeds 142 
1B6*1H12 161 seeds 4 seeds 165 seeds  
1E6*1H12 None None None  
2A1*1F3 158 seeds 50 seeds 208 seeds  
L. multiflorum     
Axis-1*P1G3-1 > 200 seeds > 200 seeds > 400 seeds  
Axis-1*B-1 > 200 seeds > 200 seeds > 400 seeds  
Axis-2*P1G3-1 > 200 seeds > 200 seeds > 400 seeds  
Axis-2*B-1 > 200 seeds > 200 seeds > 400 seeds  
Axis-3*B-90 > 200 seeds > 200 seeds > 400 seeds 299 
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b y  p l a n t i n g  t h e  p l a n t s  i n  t h e  f i e l d  i n  p a i r s  o f  o n e  r e s i s t a n t  a n d  o n e  s u s c e p t i b l e  
g e n o t y p e .   E a c h  c r o s s  w a s  s u r r o u n d e d  b y  w i n t e r  r y e ,  w h i c h  s e r v e d  a s  b a r r i e r  
f o r  f o r e i g n  p o l l e n .   T h e  c r o s s i n g  p a r t n e r s  w e r e  n o t  s y n c h r o n i s e d  f o r  f l o w e r i n g  
t i m e  b u t  t h e  d i f f e r e n c e  i n  m e a n  f l o w e r i n g  t i m e  w a s  a l w a y s  b e l o w  f o u r t e e n  
d a y s .   W h e n  s e e d s  w e r e  r i p e ,  s t a l k s  w e r e  h a r v e s t e d  s e p a r a t e l y  f r o m  e a c h  
p a r e n t  p l a n t  ( i . e .  e a c h  c r o s s  r e n d e r e d  t w o  s e e d  s t o c k s ) .   T h e  r e s u l t s  o f  t h e  
p h e n o t y p i c  e v a l u a t i o n  o f  t h e s e  c r o s s e s  h a v e  b e e n  r e p o r t e d  i n  A d a m s  e t  a l .  
( 2 0 0 0 ) .  
  
2 . 3 . 2  P l a n t  g r o w t h  c o n d i t i o n s  
F
1
 s e e d  o f  t h e  d i f f e r e n t  c r o s s e s  w e r e  s o w n  i n  t r a y s  o f  9 6  p o t s  o f  4 x 4 x 7  c m  
f i l l e d  w i t h  c o m m o n  s o i l .   T h e y  w e r e  k e p t  i n  t h e  g r e e n h o u s e  a t  2 0 - 2 5  ° C  d u r i n g  
t h e  d a y  a n d  a t  1 5  ° C  d u r i n g  t h e  n i g h t .   W h e n  n e c e s s a r y ,  i l l u m i n a t i o n  w a s  
s u p p l e m e n t e d  f o r  a  t o t a l  o f  1 4  h o u r s .   P l a n t s  w e r e  i n f e c t e d  a t  l e a s t  t h r e e  t i m e s .   
T h e  f i r s t  i n o c u l a t i o n  w a s  c a r r i e d  o u t  w h e n  t h e  p l a n t s  w e r e  s i x  w e e k s  o l d  a n d  w a s  
r e p e a t e d  t w o  t i m e s  a t  i n t e r v a l s  o f  o n e  m o n t h ,  u s i n g  t h e  s a m e  p l a n t s .  
 
2 . 3 . 3  I n o c u l u m  
I n o c u l u m  f o r  t h e  a r t i f i c i a l  i n o c u l a t i o n  t e s t s  w a s  h a r v e s t e d  i n  t h e  f i e l d s  o f  D v P -
C L O  ( M e l l e ,  B e l g i u m )  i n  1 9 9 7  o n  d i f f e r e n t  r y e g r a s s  v a r i e t i e s .   S p o r e s  w e r e  
h a r v e s t e d  u s i n g  a  h o v e r .   I n  f r o n t  o f  t h e  v a c u u m  p u m p ,  a  p a p e r  f u n n e l  w a s  
p l a c e d ,  o n  w h i c h  t h e  s p o r e s  w e r e  d e p o s i t e d  d u r i n g  h o v e r i n g .   I m m e d i a t e l y  a f t e r  
h a r v e s t i n g ,  u r e d o s p o r e s  w e r e  s i e v e d  t h r o u g h  n y l o n  m e s h e s  o f  1 0 0  µ m  a n d  4 0  
µ m  t o  r e m o v e  s o i l  p a r t i c l e s .   T h e  s i e v e d  s p o r e  m i x t u r e  w a s  d e s i c c a t e d  a t  2 0 %  
r e l a t i v e  h u m i d i t y  f o r  4 8  h ,  a n d  s t o r e d  a t  –  8 0  ° C .   A l i q u o t s  o f  t h i s  s p o r e  m i x t u r e  
w e r e  u s e d  f o r  a l l  a r t i f i c i a l  i n o c u l a t i o n s  d e s c r i b e d  b e l o w .   B e f o r e  e a c h  s e r i e s  o f  
i n o c u l a t i o n s ,  s p o r e  g e r m i n a t i o n  r a t e s  w e r e  e s t i m a t e d  o n  2 %  a g a r - w a t e r  ( w t / v o l )  
p l a t e s  ( B i r c k e n s t a e d t  e t  a l . ,  1 9 9 2 ;  W i s e  e t  a l . ,  1 9 9 6 ) .   G e r m i n a t i o n  p e r c e n t a g e s  
b e t w e e n  6 0 - 7 0 %  w e r e  r e c o r d e d .  
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2.3.4 Artificial inoculation test  
The uredospores, stored at -80°C, were induced for germination by incubation 
during two minutes in a water bath at 45°C (Birckenstaedt et al., 1992).  The 
uredospores were diluted in ten times their own volume of talc powder.  The 
mixture was rubbed with a paint-brush on two to three fully expanded leaves of 
each plant individually at a density of 40 mg uredospores (germination = 100%) 
per 100 plants.  The plants were kept 36 hours at 100% relative humidity (RH) 
after inoculation.  Hundred percent RH was created by submerging the trays with 
plants in water, by spraying the plants and subsequently covering them with a 
transparent plastic foil.  After breaking the 100% RH, plants were kept as 
described earlier. 
Fourteen days after inoculation, the plants were scored for resistance using a 
scale derived from the scale of Birckenstaedt et al. (1994).  The rating values 
represent a relative estimate of leaf area occupied by crown rust pustules.  The 
scale of Birckenstaedt varies from 1 = resistant till 9 = susceptible.  The scale 
used in this study was a modified scale using scores varying from 1 = resistant 
till 6 = susceptible.  Score 1 till 5 are identical to these of the Birckenstaedt scale, 
score 6 comprises score 6 till 9 of the Birckenstaedt scale.  This modification was 
done because it was difficult to differentiate between scores 6 till 9.  An example 
of each rating of the modified scale is given in Fig. 2.4.  After each evaluation the 
plants were cut and allowed to regrow during at least 2 weeks before a new 
inoculation.  This repeated inoculating might cause the induction of systemic 
acquired resistance or weakening of the plants.  Statistics will be used to 
determine whether this is the case in the studied populations. 
 
2.3.5 Phenotyping in the field 
After three inoculation rounds in the greenhouse, all tested plants were 
transferred to the field at DvP-CLO (Melle, Belgium).  Rows of a very crown 
rust susceptible cultivar (Merlov) were sown between the experimental plant 
rows (Fig. 2.5).  These rows serve as a source of crown rust and favour equal 
dispersion of spores in the field (Reheul & Ghesquiere, 1996; Van Bockstaele, 
1999).  Plants were scored for crown rust during the summer of 2000, using the 
modified scale of Birckenstaedt et al. (1994) described above.   
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F i g .  2 . 4 .  :  M o d i f i e d  s c a l e  o f  B i r c k e n s t a e d t  e t  a l .  ( 1 9 9 4 )  u s e d  f o r  












F i g .  2 . 5  :  E v a l u a t i o n  o f  p l a n t s  f o r  c r o w n  r u s t  r e s i s t a n c e  i n  t h e  f i e l d .   N e x t  t o  t h e  p l a n t  r o w s ,  a  
r o w  w i t h  a  v e r y  c r o w n  r u s t  s u s c e p t i b l e  c u l t i v a r  ( M e r l o v )  i s  s o w n .  
 
2 . 3 . 6  S t a t i s t i c a l  a n a l y s i s  
T h e  m e a n  c r o w n  r u s t  s c o r e  f o r  e a c h  i n d i v i d u a l  p l a n t  w a s  c a l c u l a t e d  b y  
a v e r a g i n g  t h e  c r o w n  r u s t  s c o r e s  o v e r  t h e  d i f f e r e n t  i n o c u l a t i o n  r o u n d s .   N o n -
p a r a m e t r i c  c o r r e l a t i o n  c o e f f i c i e n t s  ( S p e a r m a n ’ s  R h o )  b e t w e e n  t h e  d i f f e r e n t  
r o u n d s  w e r e  c a l c u l a t e d .   T o  i d e n t i f y  d i f f e r e n c e s  b e t w e e n  t h e  t h r e e  i n o c u l a t i o n  
r o u n d s ,  t h e  F r i e d m a n  t e s t  w a s  u s e d ,  w h i c h  i s  a  n o n - p a r a m e t r i c  t e s t  t h a t  c o m p a r e s  
t h r e e  o r  m o r e  p a i r e d  g r o u p s .   M a n n - W h i t n e y  U  t e s t s  w e r e  p e r f o r m e d  t o  c h e c k  
f o r  m a t e r n a l  r e s i s t a n c e ,  a s  t h e s e  t e s t s  i d e n t i f y  s i g n i f i c a n t  d i f f e r e n c e s  i n  m e a n  
s c o r e  1  
s c o r e  2  
s c o r e  3  
s c o r e  4  
s c o r e  5  
s c o r e  6  
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crown rust scores between the two seed stocks.  All calculations were performed 
using the package SPSS (Norusis, 2000). 
 
2.4 Results and discussion 
2.4.1 Selection of F1 populations  
An overview of the crosses made and the amount of seed harvested per cross 
is given in Table 2.2.  It was necessary to make several crosses, as parent plants 
were only selected for crown rust resistance or susceptibility and not for their 
crossing capability.  Low seed set was observed in some L. x boucheanum and L. 
perenne crosses.  As Lolium spp. are highly self-incompatible species (Cornish et 
al., 1979; Van Daele et al., 2000; Thorogood et al., 2002), incompatibility between 
the L. x boucheanum parent plants was expected.  The parent plants were full 
sibs, selected out of one F1 population (obtained by crossing a susceptible L. 
multiflorum plant with a resistant L. perenne plant).   
The L. perenne plants were not related, but also for some of these crosses low 
seed sets were obtained.  In these cases, genetic incompatibility between the 
parents or lack of synchronisation in their flowering dates can be at the basis of 
the low seed production. 
In general, the selection of crosses for phenotypic analysis was based on the 
amount of seeds harvested, which is an indication of the quality of the cross.  
For L. perenne, three crosses were selected: TB1*SA1, TA2*SC1 and TC1*SB2.  
The choice was not solely based on the amount of seeds harvested, but also on 
the origin of the parent plants.  In the selected crosses, parents with different 
genetic backgrounds were involved. 
In the case of L. x boucheanum, just cross 2A2*1B12 produced enough seed 
on both parents for further analysis.  
In the case of L. multiflorum, Adams et al. (2000) detected in four out of the 
five crosses, a resistance factor maternally inherited.  Only in cross Axis-3*b-90, 
no maternal factors were detected.  This cross was selected for further analysis in 
this thesis. 
C h a p t e r  2  
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2 . 4 . 2  C o r r e l a t i o n s  b e t w e e n  a r t i f i c i a l  i n o c u l a t i o n  r o u n d s
1
 
T h e  a m o u n t  o f  s e e d l i n g s  a n a l y s e d  i n  t h e  f i v e  s e l e c t e d  p o p u l a t i o n s  i s  g i v e n  i n  
c o l u m n  5  o f  T a b l e  2 . 2 .   C r o w n  r u s t  r e s i s t a n c e  w a s  d e t e r m i n e d  b y  m e a n s  o f  a n  
a r t i f i c i a l  i n o c u l a t i o n  m e t h o d  u s i n g  t h e  m o d i f i e d  s c a l e  o f  B i r c k e n s t a e d t  e t  a l .  
( 1 9 9 4 ) .   E a c h  s e e d l i n g  w a s  s c o r e d  t h r e e  t i m e s  d u r i n g  s u b s e q u e n t  r o u n d s  o f  
a r t i f i c i a l  i n o c u l a t i o n .   I n  t h i s  w a y ,  i t  w a s  p o s s i b l e  t o  d e t e r m i n e  t h e  a g r e e m e n t  o f  
t h e  r e s u l t s  o b t a i n e d  f o r  t h e  s a m e  p l a n t  a t  t h r e e  i n o c u l a t i o n  r o u n d s ,  t o  e l i m i n a t e  
p o s s i b l e  m i s c l a s s i f i c a t i o n  e r r o r s  a n d  t o  i d e n t i f y  i n d u c t i o n  o f  s y s t e m i c  a c q u i r e d  
r e s i s t a n c e  o r  w e a k e n i n g  o f  p l a n t s .  
T h e  v a r i a t i o n  i n  c r o w n  r u s t  s c o r e  b e t w e e n  t h e  t h r e e  s u b s e q u e n t  r o u n d s  o f  
i n o c u l a t i o n  w a s  s t u d i e d  o n  t h e  p o o l e d  r e s u l t s  o f  t h e  f i v e  r e t a i n e d  p o p u l a t i o n s  a n d  
i s  r e p r e s e n t e d  i n  F i g .  2 . 6 .   F o r  e a c h  p l a n t ,  t h e  a b s o l u t e  d i f f e r e n c e s  i n  c r o w n  r u s t  
s c o r e  b e t w e e n  t w o  i n o c u l a t i o n  r o u n d s  h a v e  b e e n  c a l c u l a t e d  a n d  p l o t t e d .   T h e  
s c o r e s  f r o m  t h e  f i r s t  r o u n d  o f  i n o c u l a t i o n  w e r e  c o m p a r e d  t o  t h e  s c o r e s  f r o m  t h e  
s e c o n d  ( F i g .  2 . 6 a )  a n d  t h i r d  r o u n d  ( F i g .  2 . 6 c ) .   T h e  s c o r e s  f r o m  t h e  s e c o n d  
r o u n d  w e r e  c o m p a r e d  t o  t h e  s c o r e s  f r o m  t h e  t h i r d  r o u n d  o f  i n o c u l a t i o n  ( F i g .  
2 . 6 b ) .   I n  t h e  t h r e e  c o m p a r i s o n s ,  3 8 %  o f  t h e  p l a n t s  o r  m o r e  g o t  i d e n t i c a l  s c o r e s  a t  
t w o  d i f f e r e n t  i n o c u l a t i o n  r o u n d s  ( d i f f e r e n c e  0 ) .   N i n e t y  t h r e e  p e r c e n t  o f  t h e  
p l a n t s  o r  m o r e  h a d  a  d i f f e r e n c e  o f  0  t i l l  2  u n i t s  i n  t h e  c r o w n  r u s t  s c o r e  o b t a i n e d  
i n  t w o  d i f f e r e n t  r o u n d s .   T a k i n g  i n t o  a c c o u n t  t h e  t h r e e  c o m p a r i s o n s ,  1 2 %  o f  t h e  
p l a n t s  h a d  a t  l e a s t  o n c e  a  d i f f e r e n c e  h i g h e r  t h a n  t w o .   T h e s e  p l a n t s  w e r e  o m i t t e d  
d u r i n g  f u r t h e r  p h e n o t y p i c  a n a l y s i s  ( i . e .  m o d e  o f  i n h e r i t a n c e  i n  t h i s  c h a p t e r ,  B S A  
a n a l y s i s  i n  C h a p t e r  3  a n d  Q T L  a n a l y s i s  i n  C h a p t e r s  6  a n d  7 ) .  
T h e s e  r e s u l t s  i n d i c a t e  h i g h  c o n s i s t e n c y  b e t w e e n  t h e  s c o r e  a s s i g n e d  t o  s i n g l e  
p l a n t s  a t  t w o  d i f f e r e n t  r o u n d s  o f  a r t i f i c i a l  i n o c u l a t i o n .   T h i s  i m p r e s s i o n  w a s  
c o n f i r m e d  b y  t h e  s i g n i f i c a n t  n o n - p a r a m e t r i c  c o r r e l a t i o n  c o e f f i c i e n t s  ( S p e a r m a n ’ s  
R h o )  t h a t  w e r e  f o u n d  b e t w e e n  i n o c u l a t i o n  r o u n d s  1  &  2 ,  2  &  3  a n d  1  &  3 .   
V a l u e s  w e r e  0 . 6 6 6 ,  0 . 6 4 8  a n d  0 . 7 1 4  r e s p e c t i v e l y .   A l l  v a l u e s  w e r e  s i g n i f i c a n t  a t  
t h e  0 . 0 1  l e v e l  ( 2 - t a i l e d ) .   W h e n  o u t l i e r s  w e r e  o m i t t e d  e v e n  h i g h e r  c o r r e l a t i o n  
v a l u e s  w e r e  o b t a i n e d  ( 0 . 7 7 0 ,  0 . 7 5 4  a n d  0 . 8 0 2  r e s p e c t i v e l y ) .    
                                                 
1
 D u r i n g  m a r k e r  a n a l y s i s  ( C h a p t e r  4 ) ,  w e  i d e n t i f i e d  p l a n t s  w h i c h  w e r e  n o t  t r u e  F
1
 i n d i v i d u a l s ,  m e a n i n g  t h a t  t h e y  
w e r e  n o t  t h e  r e s u l t  o f  a  c r o s s  b e t w e e n  t h e  t w o  p a r e n t  p l a n t s .   C o n t a m i n a t i o n  w i t h  f o r e i g n  p o l l e n  d u r i n g  t h e  
c r o s s i n g  e x p e r i m e n t  o r  m i x i n g  o f  s e e d  m u s t  h a v e  o c c u r r e d .   T h e s e  ‘ c o n t a m i n a n t s ’  w e r e  o m i t t e d  f o r  t h e  r e s t  o f  
t h e  a n a l y s e s .  
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T h e  m a i n  r i s k  o f  i n f e c t i n g  p l a n t s  r e p e a t e d l y  i s  t h e  i n d u c t i o n  o f  s y s t e m i c  a c q u i r e d  
r e s i s t a n c e .   T h i s  w o u l d  b e  s e e n  a s  a  s i g n i f i c a n t  d e c r e a s e  o f  t h e  m e a n  p o p u l a t i o n  
s c o r e s  d u r i n g  t h e  t h r e e  i n o c u l a t i o n  r o u n d s .   O n  t h e  o t h e r  h a n d ,  r e p e a t e d  
i n f e c t i o n  c a n  r e s u l t  i n  w e a k e n i n g  o f  t h e  p l a n t s ,  w h a t  w o u l d  b e  s e e n  a s  a n  
i n c r e a s e  i n  s u s c e p t i b i l i t y  i n  t i m e .   T o  i d e n t i f y  d i f f e r e n c e s  o r  h e t e r o g e n e i t y  i n  
r e s i s t a n c e  l e v e l  d u r i n g  t h e  t h r e e  i n o c u l a t i o n  r o u n d s ,  F r i e d m a n  t e s t s  w e r e  u s e d .   
T e s t s  w e r e  p e r f o r m e d  p e r  s e l e c t e d  p o p u l a t i o n  s e p a r a t e l y  a s  t h e s e  e f f e c t s  m i g h t  b e  
g e n e t i c a l l y  r e l a t e d  ( T a b l e  2 . 3 ) .   I n  t h e  L .  p e r e n n e  p o p u l a t i o n  T C 1 * S B 2 ,  n o  
s i g n i f i c a n t  h e t e r o g e n e i t y  w a s  o b s e r v e d .   I n  t h e  o t h e r  p o p u l a t i o n s ,  s i g n i f i c a n t  
h e t e r o g e n e i t i e s  a t  t h e  0 . 0 5  l e v e l  w e r e  f o u n d .   I n  t h e  p o p u l a t i o n s  A x i s - 3 * B - 9 0  a n d  
2 A 2 * 1 B 1 2 ,  h e t e r o g e n e i t y  w a s  s i g n i f i c a n t  b u t  n o  c l e a r  i n c r e a s i n g  o r  d e c r e a s i n g  
t r e n d  w a s  o b s e r v e d .   T h i s  l e d  u s  t o  c o n c l u d e  t h a t  t h e  h e t e r o g e n e i t y  o b s e r v e d  w a s  
n o t  d u e  t o  s y s t e m i c  a c q u i r e d  r e s i s t a n c e  o r  w e a k e n i n g  o f  t h e  p l a n t s .   I n  t h e  
T B 1 * S A 1  a n d  T A 2 * S C 1  p o p u l a t i o n s ,  a n  i n c r e a s i n g  t r e n d  w a s  o b s e r v e d ,  b u t  t h i s  
s h o u l d  b e  i n t e r p r e t e d  w i t h  c a r e  a s  t h e  n u m b e r  o f  p l a n t s  i n  t h e  p o p u l a t i o n s  i s  
r a t h e r  l o w  ( 5 2  a n d  7 3  p l a n t s  r e s p e c t i v e l y ) .   H o w e v e r  t h e  s i g n i f i c a n t  r e s u l t  i n  t h e s e  
p o p u l a t i o n s  w a s  t a k e n  i n t o  c o n s i d e r a t i o n  d u r i n g  s e l e c t i o n  o f  t h e  p o p u l a t i o n s .   
T h e r e f o r e ,  t h e y  w e r e  n o t  r e t a i n e d  f o r  f u r t h e r  a n a l y s i s .   
 
T a b l e  2 . 3  :  M e a n  c r o w n  r u s t  s c o r e  o f  e a c h  s e l e c t e d  F
1
 p o p u l a t i o n  f o r  r o u n d  1 ,  2  a n d  3 .   
S i g n i f i c a n c e  o f  h e t e r o g e n e i t y  b e t w e e n  p o p u l a t i o n  m e a n  s c o r e s  w a s  c a l c u l a t e d  u s i n g  t h e  
F r i e d m a n  t e s t .  
 P o p u l a t i o n  m e a n  
 T C 1 * S B 2  T B 1 * S A 1  T A 2 * S C 1  2 A 2 * 1 B 1 2  A x i s - 3 * B - 9 0  
 ( 2 6 5  p l a n t s )  ( 5 2  p l a n t s )  ( 7 3  p l a n t s )  ( 9 2  p l a n t s )  ( 2 0 3  p l a n t s )  
R o u n d  1  1 . 9 8  1 . 7 7  1 . 8 7  1 . 9 6  1 . 8 7  
R o u n d  2  2 . 0 5  2 . 0 4  1 . 9 4  1 . 9 1  2 . 1 1  
R o u n d  3  1 . 9 8  2 . 1 9  2 . 1 9  2 . 1 3  2 . 0 2  
S i g n .  F r i e d m a n  T e s t   0 . 4 0 1  0 . 0 2 8
*  
0 . 0 4 9
*
 0 . 0 4 3
*




=  s i g n i f i c a n t  a t  t h e  P  =  0 . 0 5  l e v e l  
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2.4.3 Maternally inherited resistance 
Adams et al. (2000) reported that a maternal factor may play a role in crown 
rust resistance in some L. multiflorum plants of the cv. Axis.  In order to verify 
whether a maternal factor was present in any of the five populations studied, the 
F1 populations were divided into two seed lots according to the parent they were 
harvested on.  Mann-Whitney U tests were used to verify if a significant 
difference was found between the mean crown rust score of the parental seed 
lots (Table 2.4).  Significant differences at the 0.05 level were found for rounds 1 
and 3 in the TB1*SA1 cross and for round 3 in the TA2*SC1 cross, indicating 
that the seed lot harvested on the R parent contained more resistant plants than 
the seed lot harvested on the S parent.  These significant differences should be 
interpreted with caution as these populations were very small.  TB1*SA1 
consisted of 52 plants (15 out of the R seed lot and 37 out of the S seed lot) and 
the population TA2*SC1 of 73 plants (48 out of the R seed lot and 25 out of the 
S seed lot).  These populations were not retained for phenotypic and DNA-
marker analysis as the populations were too small and maternally inherited 
resistance factors might be present.  
 
Table 2.4 : Mean crown rust score of the R and S seed lot in the five populations studied 
and results of the Mann-Whitney U tests testing for significant differences between mean 
crown rust scores of the subpopulations. 
Round 1 2 3 
Seed lot R S Sign. R S Sign. R S Sign. 
L. perenne          
TC1*SB2 1.97 1.75 0.182 1.81 1.94 0.197 2.07 1.75 0.087 
TB1*SA1 1.59 2.67 0.010* 2.05 2.27 0.656 2.00 2.87 0.020* 
TA2*SC1 2.48 3.12 0.056 2.75 2.92 0.886 2.69 3.52 0.015* 








































* significant at the P = 0.05 level (2-tailed) 
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I n  t h e  o t h e r  p o p u l a t i o n s  ( L .  m u l t i f l o r u m  A x i s - 3 * B - 9 0 ,  L .  x  b o u c h e a n u m  
2 A 2 * 1 B 1 2  a n d  L .  p e r e n n e  T C 1 * S B 2 )  n o  m a t e r n a l  e f f e c t  w a s  i d e n t i f i e d .   T h e s e  
p o p u l a t i o n s  w e r e  r e t a i n e d  f o r  f u r t h e r  a n a l y s i s .  
 
2 . 4 . 4  F i e l d  o b s e r v a t i o n s  
T w o  o f  t h e  t h r e e  s e l e c t e d  p o p u l a t i o n s  ( L .  p e r e n n e  c r o s s  ( T C 1 * S B 2 )  a n d  t h e  L .  
x  b o u c h e a n u m  c r o s s  ( 2 A 2 * 1 B 1 2 ) )  w e r e  e v a l u a t e d  f o r  c r o w n  r u s t  r e s i s t a n c e  
u n d e r  f i e l d  c o n d i t i o n s  a f t e r  a  n a t u r a l  i n f e c t i o n  i n  t h e  s u m m e r  o f  2 0 0 0 .   T h e  
s c o r e s  a s s i g n e d  i n  t h e  f i e l d  w e r e  c o m p a r e d  t o  t h e  s c o r e s  a s s i g n e d  i n  t h e  a r t i f i c i a l  
i n o c u l a t i o n  t e s t  u s i n g  a  n o n - p a r a m e t r i c  c o r r e l a t i o n  c o e f f i c i e n t  ( S p e a r m a n ’ s  R h o ) .    
I n  t h e  L .  x  b o u c h e a n u m  p o p u l a t i o n  a n d  t h e  L .  p e r e n n e  p o p u l a t i o n  t h e  
S p e a r m a n  c o r r e l a t i o n  c o e f f i c i e n t s  w e r e  r e s p e c t i v e l y  0 . 2 4 9  w i t h  a  s i g n i f i c a n c e  o f  
P  =  0 . 0 0 5  a n d  0 . 5 7 8  w i t h  a  s i g n i f i c a n c e  o f  P  £  0 . 0 0 0 .   T h e  c o r r e l a t i o n ,  a l t h o u g h  
s i g n i f i c a n t ,  w a s  q u i t e  l o w  f o r  t h e  L .  x  b o u c h e a n u m  p o p u l a t i o n .   T h i s  m i g h t  b e  
d u e  t o  t h e  l a t e  o b s e r v a t i o n  d a t e ,  a t  w h i c h  t h e  p l a n t s  o f  t h i s  p o p u l a t i o n  m i g h t  h a v e  
a l r e a d y  r e c o v e r e d  f r o m  c r o w n  r u s t  i n f e c t i o n .   T h e  c o r r e l a t i o n  c o e f f i c i e n t  f o u n d  
i n  t h e  L .  p e r e n n e  p o p u l a t i o n  i s  h i g h e r  a n d  c o r r e s p o n d s  w i t h  t h e  v a l u e s  ( 0 . 5 - 0 . 6 )  
o b t a i n e d  b y  R e h e u l  &  G h e s q u i e r e  ( 1 9 9 6 ) .  
 
2 . 4 . 5  I n h e r i t a n c e  o f  r e s i s t a n c e   
I n  F i g .  2 . 7 . ,  t h e  f r e q u e n c y  d i s t r i b u t i o n  o f  t h e  m e a n  c r o w n  r u s t  s c o r e  o f  
i n d i v i d u a l  F
1
 p l a n t s  i s  g i v e n  f o r  e a c h  o f  t h e  t h r e e  r e t a i n e d  p o p u l a t i o n s .   T h e  
f r e q u e n c y  d i s t r i b u t i o n  f o r  t h e  t o t a l  p o p u l a t i o n  i s  g i v e n  n e x t  t o  t h e  f r e q u e n c y  
d i s t r i b u t i o n s  f o r  t w o  s u b p o p u l a t i o n s  :  f o r  t h e  R  s e e d  l o t  ( h a r v e s t e d  o n  t h e  
r e s i s t a n t  p a r e n t )  a n d  t h e  S  s e e d  l o t  ( h a r v e s t e d  o n  t h e  s u s c e p t i b l e  o n e ) .   T h e s e  
f r e q u e n c y  d i s t r i b u t i o n s  i l l u s t r a t e  t h e  i n h e r i t a n c e  o f  r e s i s t a n c e  i n  t h e  t h r e e  
d i f f e r e n t  p o p u l a t i o n s .    
W h e n  p u t t i n g  f o r w a r d  h y p o t h e s e s  o n  t h e  i n h e r i t a n c e  o f  r e s i s t a n c e  i n  t h e s e  
p o p u l a t i o n s ,  ‘ g e n e s ’  i s  u s e d  a s  a  t e r m  r e f e r r i n g  t o  a  g e n o m i c  r e g i o n  i n v o l v e d  i n  
r e s i s t a n c e .   W e  s h o u l d  b e a r  i n  m i n d  t h a t  t h i s  r e g i o n  c a n  c o n t a i n  m o r e  th a n  o n e  
g e n e .    
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C h a p t e r  2  
2 8  
 B a s e d  o n  t h e  d e s i g n  o f  t h e  p o p u l a t i o n s ,  w e  c a n  j u s t  o b s e r v e  t h e  s e g r e g a t i o n  o f  
g e n e s  w h i c h  a r e  h e t e r o z y g o u s  i n  t h e  p a r e n t  p l a n t s .   T a k i n g  i n t o  a c c o u n t  t h a t  t h e  
p a r e n t  p l a n t s  a r e  v e r y  h e t e r o z y g o u s ,  w e  s u p p o s e d  t h a t  f o r  e a c h  g e n e  4  a l l e l e s  
w e r e  i n v o l v e d  i n  t h e  c r o s s .   T h e  r e s i s t a n t  p a r e n t  c o n t a i n s  o n e  d o m i n a n t  r e s i s t a n t  
a l l e l e  a n d  o n e  r e c e s s i v e  a l l e l e  a t  e a c h  l o c u s  i n v o l v e d  a n d  t h a t  t h e  s u s c e p t i b l e  
p a r e n t  h a s  t w o  r e c e s s i v e  a l l e l e s  a t  e a c h  l o c u s  i n v o l v e d  ( F i g .  2 . 8 ) .   T h r e e  
h y p o t h e s e s  f o r  c r o w n  r u s t  r e s i s t a n c e  w e r e  t e s t e d  u s i n g  c
2
 t e s t  s t a t i s t i c s :   
A .  I f  o n e  g e n e  c o n f e r s  r e s i s t a n c e  a n d  t h e  r e s i s t a n c e  a l l e l e  ( p r e s e n t  i n  t h e  
r e s i s t a n t  p a r e n t )  a c t s  i n  a  d o m i n a n t  w a y ,  w e  e x p e c t  t o  f i n d  a  1 : 1  
s e g r e g a t i o n  o f  r e s i s t a n t  a n d  s u s c e p t i b l e  F
1
 p l a n t s .    
B .  I f  t w o  g e n e s  a r e  i n v o l v e d  a n d  t h e i r  a l l e l e s  w h i c h  c o d e  f o r  r e s i s t a n c e  d o  
n o t  s h o w  i n t e r a c t i o n ,  w e  e x p e c t  t o  f i n d  a  3 : 1  s e g r e g a t i o n  o f  r e s i s t a n t  
a n d  s u s c e p t i b l e  p l a n t s .  
C .  I f  t w o  g e n e s  a r e  p r e s e n t  a n d  i f  t h e y  i n t e r a c t  i n  a n  a d d i t i v e  w a y ,  w e  
e x p e c t  t o  f i n d  a  1 : 2 : 1  r a t i o  o f  r e s i s t a n t ,  i n t e r m e d i a t e  a n d  s u s c e p t i b l e  
p l a n t s .    
T h e  m o r e  g e n e s  a r e  i n f l u e n c i n g  t h e  t r a i t  i n  a n  a d d i t i v e  w a y ,  t h e  m o r e  a  n o r m a l  
d i s t r i b u t i o n  w i l l  b e  f o u n d ,  a n d  t h e  t r a i t  w i l l  n o t  b e  q u a l i t a t i v e l y  b u t  q u a n t i t a t i v e l y  
i n h e r i t e d .  
T h e  f r e q u e n c y  d i s t r i b u t i o n s  o f  t h e  L .  p e r e n n e  a n d  L .  x  b o u c h e a n u m  
p o p u l a t i o n  a r e  n o t  n o r m a l l y  d i s t r i b u t e d  b u t  s k e w e d  ( F i g .  2 . 7 ) .   T h e  s k e w n e s s  i s  
t o w a r d s  t h e  s c o r e  o f  t h e  r e s i s t a n t  p a r e n t .   T h i s  m i g h t  i n d i c a t e  t h a t  s e v e r a l  m a j o r  
g e n e s  a r e  i n v o l v e d  i n  r e s i s t a n c e .   T h e  n o n - d i s c r e t e  n a t u r e  o f  t h e  d i s t r i b u t i o n  c a n  
b e  e x p l a i n e d  b y  t h e  p r e s e n c e  o f  m i n o r  g e n e s  t h a t  i n f l u e n c e  t h e  a c t i o n  o f  t h e  
m a j o r  g e n e s .   I n s p e c t i n g  t h e  f r e q u e n c y  d i s t r i b u t i o n  o f  t h e  L .  m u l t i f l o r u m  
p o p u l a t i o n ,  a  n o r m a l  d i s t r i b u t i o n  i s  f o u n d ,  i n d i c a t i n g  t h a t  s e v e r a l  g e n e s ,  w i t h  
m i n o r  e f f e c t s ,  a r e  i n f l u e n c i n g  t h e  t r a i t .    
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HYPOTHESIS A  HYPOTHESES B & C 
 
Parental phenotypes : 
 R x S  R x S 
 
Parental genotypes :  
 R1r2 x r3r4     R1r2/R’1r’2x r3r4/r’3r’4 
 
Gametes: 
 r3 r4   r3/r’3 r3/r’4 r4/r’3 r4/r’4 
R1 R1r3 R1r4  R1/R’1 R1r3/R’1r’3 R1r’3/R’1r’4 R1r4/R’1r’3 R1r4/R’1r’4 
r2 r2r3 r2r4  R1/r’2 R1r3/r’2r’3 R1r3/r’2r’4 R1r4/r’2r’3 R1r4/r’2r’4 
    r2/R’1 r2r3/R’1r’3 r2r3/R’1r’4 r2r4/R’1r’3 r2r4/R’1r’4 
    r2/r’2 r2r3/r’2r’3 r2r3/r’2r’4 r2r4/r’2r’3 r2r4/r’2r’4 
 
Phenotype F1 population :  
50% R / 50% S no interaction R1 - R’1 (Hypothesis B):  
  75% R / 25% S 
 
 additive interaction R1 - R’1 (Hypothesis C): 
  25% R / 50% I / 25% S 
 
Fig. 2.8 : Representation of the hypotheses on the mode of inheritance of crown rust resistance.  
Hypothesis A: one gene involved, resistance allele is dominant; hypothesis B : two genes, 
resistance alleles are dominant and do not show interaction; and hypothesis C : two genes, 
resistance alleles are dominant and act in an additive way.  The four alleles present at gene x 
are represented by Rx or rx depending on the dominant or recessive character of the allele.  The 
expected phenotypic distribution in the F1 population is calculated.  In hypotheses A and B: two 
different phenotypes are expected : R (resistant, at least one dominant resistance allele is 
present) and S (susceptible, solely susceptibility alleles are present).  In hypothesis C: three 
phenotypes are expected : R (at both genes the dominant resistance allele is present), I 
(intermediate : just at one gene a dominant resistance allele is present) and S (no resistance 
alleles are present).  
 
 
C h a p t e r  2  
3 0  
2 . 4 . 5 . 1  N u m b e r  o f  g e n e s  p r e s e n t  i n  t h e  L .  p e r e n n e  p o p u l a t i o n  
I n  o r d e r  t o  i d e n t i f y  t h e  n u m b e r  o f  r e s i s t a n c e  g e n e s  i n v o l v e d  i n  t h e  L .  p e r e n n e  
c r o s s ,  t w o  d i f f e r e n t  a p p r o a c h e s  t o  c a t e g o r i z e  t h e  p l a n t s  w e r e  u s e d .   I n  t h e  f i r s t  
a p p r o a c h ,  F
1
 i n d i v i d u a l s  w i t h  s c o r e  1  o r  2  w e r e  c o n s i d e r e d  a s  r e s i s t a n t  a n d  t h e  
r e s t  a s  s u s c e p t i b l e .   I n  t h e  s e c o n d  a p p r o a c h  p l a n t s  w i t h  s c o r e  1  w e r e  c o n s i d e r e d  
a s  r e s i s t a n t ,  p l a n t s  w i t h  s c o r e s  2  a n d  3  w e r e  c o n s i d e r e d  i n t e r m e d i a t e  a n d  t h e  r e s t  
a s  s u s c e p t i b l e .   
A c c o r d i n g  t o  a p p r o a c h  1 ,  7 9 %  o f  t h e  L .  p e r e n n e  F
1
 p o p u l a t i o n  b e l o n g s  t o  t h e  
r e s i s t a n t  g r o u p  w h i l e  2 1 %  t o  t h e  s u s c e p t i b l e  ( T a b l e  2 . 5 ) .   T h i s  d i s c r e t e  
d i s t r i b u t i o n  m i g h t  b e  t h e  r e s u l t  o f  t h e  s e g r e g a t i o n  o f  t w o  m a j o r  r e s i s t a n c e  g e n e s  
o f  w h i c h  t h e  r e s i s t a n c e  a l l e l e s  a r e  d o m i n a n t  a n d  d o  n o t  s h o w  i n t e r a c t i o n  
( h y p o t h e s i s  B ) .   A c c o r d i n g  t o  t h e  c
2  
t e s t ,  t h i s  h y p o t h e s i s  c a n  b e  r e t a i n e d  ( c
2  
=  
2 . 5 4 7  w i t h  a  P – v a l u e  o f  0 . 1 1 0 ) .   T h e  v a r i a b i l i t y  w i t h i n  t h e  d i s c r e t e  c l a s s e s ,  c a n  b e  
e x p l a i n e d  b y  t h e  a c t i o n  o f  m i n o r  g e n e s .   
I n  a p p r o a c h  2 ,  i n  w h i c h  p l a n t s  w i t h  s c o r e  1  a r e  c o n s i d e r e d  r e s i s t a n t ,  4 6 %  o f  
t h e  p l a n t s  i n  t h e  L .  p e r e n n e  p o p u l a t i o n  a r e  r e s i s t a n t ,  4 4 %  i n t e r m e d i a t e  p l a n t s  a n d  
1 0 %  s u s c e p t i b l e  p l a n t s .   W i t h i n  t h i s  a p p r o a c h ,  t h e  e x p l a n a t i o n  c a n  b e  t h e  a c t i o n  
o f  o n e  m a j o r  g e n e  w i t h  a  d o m i n a n t  r e s i s t a n c e  a l l e l e  ( h y p o t h e s i s  A ) .   T h e  
o b s e r v e d  d i s t r i b u t i o n  r e s e m b l e s  t h e  e x p e c t e d  s e g r e g a t i o n  ( c
2  
=  1 . 3 6 2  w i t h  a  P –
v a l u e  o f  0 . 2 4 3 ) .  
F o r  t h e  L .  p e r e n n e  p o p u l a t i o n ,  w e  h y p o t h e s i z e  t h a t  d e p e n d i n g  o n  t h e  
i n t e r p r e t a t i o n  o f  t h e  p h e n o t y p i c  s c o r e s ,  o n e  o r  t w o  g e n e s  w i t h  m a j o r  e f f e c t  a r e  
i n v o l v e d  i n  t h e  r e s i s t a n c e  t r a i t .   O t h e r  m i n o r  f a c t o r s  m i g h t  e x p l a i n  t h e  r e s t  o f  t h e  
v a r i a b i l i t y  o b s e r v e d .  
 
2 . 4 . 5 . 2  N u m b e r  o f  g e n e s  p r e s e n t  i n  t h e  L .  x  b o u c h e a n u m  p o p u l a t i o n  
F o r  t h e  L .  x  b o u c h e a n u m  p o p u l a t i o n ,  t h e  s a m e  a p p r o a c h e s  a s  f o r  t h e  L .  
p e r e n n e  p o p u l a t i o n  w e r e  u s e d .  
I n  t h e  f i r s t  a p p r o a c h  ( p l a n t s  w i t h  s c o r e  1  o r  2  w e r e  c o n s i d e r e d  r e s i s t a n t ) ,  8 0 %  
o f  t h e  L .  x  b o u c h e a n u m  p o p u l a t i o n  b e l o n g s  t o  t h e  r e s i s t a n t  g r o u p  w h i l e  2 0 %  t o  
t h e  s u s c e p t i b l e .   T h i s  d i s c r e t e  d i s t r i b u t i o n  r e f e r s  t o  a n  i d e n t i c a l  s i t u a t i o n  a s  f o r  
t h e  L .  p e r e n n e  p o p u l a t i o n  ( h y p o t h e s i s  B ) .   T h i s  s e g r e g a t i o n  c a n  b e  e x p l a i n e d  b y  
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the action of two major genes of which the resistance alleles do not show 
interaction (c2 = 1.500 with a P–value of 0.221).   
 
Table 2.5 : Testing of hypotheses on mode of inheritance of crown rust resistance in the L. perenne 
(LP), L. x boucheanum (LB) and L. multiflorum (LM) F1 populations.  Three hypotheses were 
tested using the c2 tests (Fig. 2.8).  Classification of plants into a resistant (R), intermediate (I) and 
susceptible (S) group was done using two different approaches.  In approach 1, plants with mean 
score 1 and 2 were considered as R and the rest as S.  In approach 2, plants with score 1 were seen 
as R, plants with score 2 and 3 as I and plants with score 4 till 6 as S.  P values indicate the 










L. perenne LB LM 
Exp. R=50/S=50 R=50/I+S=50 
Obs. R=79/S=21 R=80/S=20 R=82/S=121 R=46/I+S=54 R=65/I+S=35 R=36/I+S=167 
c2 90.660 45.125 109.192 1.362 11.281 84.537 
A : 
P 0.000 0.000 0.000 0.243 0.001 0.000 
Exp. R=75/S=25 R=75/I+S=25 
Obs. R=79/S=21 R=80/S=20 R=82/S=121 R=46/I+S=54 R=65/I+S=35  
c2 2.547 1.500 129.67 115.483 7.042 355.049 
B : 
P 0.110 0.221 0.000 0.000 0.008 0.000 
Exp. R=25/S=75 R=25/I=50/S=25 
Obs. R=79/S=21 R=80/S=20 R=82/S=121 R=46/I=44/S=10 R=65/I=20/S=15 R=36/I=99/S=68 
c2 415.881 204.167 25.657 76.109 109.547 10.212 
C : 
P 0.000 0.000 0.000 0.000 0.000 0.006 
 
In the second approach, in which plants with crown rust score 1 are 
considered resistant, 65% of the population belongs to the resistant group, 20% 
to the intermediate susceptible group and 15% to the susceptible group.  It was 
difficult to accept one of the three hypotheses based on a c2 test.  The highest p-
value obtained (0,008), was in the case of hypothesis B : resistance explained by 
two genes of which the alleles do not show interaction.  This was the same 
hypothesis selected using approach 1. 
For the L. x boucheanum population, we hypothesize the presence of two 
major genes of which the resistance alleles do not show interaction.  As in the 
C h a p t e r  2  
3 2  
c a s e  o f  t h e  L .  p e r e n n e  p o p u l a t i o n ,  r e s i d u a l  v a r i a b i l i t y  c a n  b e  e x p l a i n e d  b y  t h e  
a c t i o n  o f  m i n o r  g e n e s .  
 
2 . 4 . 5 . 3  N u m b e r  o f  g e n e s  p r e s e n t  i n  t h e  L .  m u l t i f l o r u m  p o p u l a t i o n  
T h e  s a m e  a p p r o a c h  a s  e m p l o y e d  i n  t w o  p r e v i o u s  p o p u l a t i o n s  w a s  u s e d  t o  
i d e n t i f y  t h e  n u m b e r  o f  g e n e s  i n v o l v e d  i n  r e s i s t a n c e .   N o n e  o f  t h e  p r o p o s e d  
h y p o t h e s e s  f i t s  w i t h  t h e  p h e n o t y p i c  d a t a  c o l l e c t e d  i n  t h e  L .  m u l t i f l o r u m  
p o p u l a t i o n  ( T a b l e  2 . 5 ) .   T h e  h i g h e s t  s i g n i f i c a n c e  w a s  f o u n d  i n  h y p o t h e s i s  C  ( 2  
a d d i t i v e  d o m i n a n t  g e n e s )  i n d i c a t i n g  t h a t  r e s i s t a n c e  i n  t h e  L .  m u l t i f l o r u m  
p o p u l a t i o n  i s  i n h e r i t e d  q u a n t i t a t i v e l y ;  w e  c o n s i d e r e d  t h a t  a  n u m b e r  o f  m i n o r  
a d d i t i v e  g e n e s  c o n f e r s  r e s i s t a n c e  i n  t h i s  p o p u l a t i o n .  
 
2 . 4 . 6  F u r t h e r  d i s s e c t i o n  o f  i n h e r i t a n c e  o f  r e s i s t a n c e  i n  t h e  L .  
p e r e n n e  a n d  L .  x  b o u c h e a n u m  p o p u l a t i o n  
I n  o r d e r  t o  c o n f i r m  t h e  s t a t e d  h y p o t h e s e s  o n  t h e  i n h e r i t a n c e  o f  r e s i s t a n c e  i n  
t h e  L .  p e r e n n e  a n d  L .  x  b o u c h e a n u m  p o p u l a t i o n s ,  s e l f i n g s  a n d  c r o s s i n g s  b e t w e e n  
r e s i s t a n t  F
1
 p l a n t s  w e r e  m a d e  ( T a b l e  2 . 6 ) .   
A l t h o u g h  t h e  p l a n t s  u s e d  i n  t h e  c r o s s e s  w e r e  h i g h l y  r e l a t e d ,  a  g o o d  s e e d  s e t  
w a s  o b t a i n e d  i n  m o s t  c a s e s .   H o w e v e r ,  a  h i g h  p e r c e n t a g e  o f  m o r t a l i t y  w i t h i n  t h e  
s e e d l i n g s  w a s  o b s e r v e d .   I n  F i g .  2 . 9 ,  t h e  f r e q u e n c y  d i s t r i b u t i o n  o f  t h e  m e a n  
c r o w n  r u s t  s c o r e  o b s e r v e d  i n  t h e  v i a b l e  p l a n t s  i s  g i v e n .   N u m b e r  o f  v i a b l e  p l a n t s  
o b t a i n e d  f r o m  9 6  s e e d s  i s  g i v e n .  
 
T a b l e  2 . 6  :  C r o s s i n g s  a n d  s e l f i n g s  m a d e  b e t w e e n  r e s i s t a n t  F
1
 i n d i v i d u a l s  o f  t h e  
L .  p e r e n n e  ( 1 9 5 2 8 ,  1 9 6 9 8 ,  1 9 5 8 8  a n d  1 9 5 7 4 )  a n d  L .  x  b o u c h e a n u m  p o p u l a t i o n  
( 1 9 8 0 7 ,  1 9 9 0 7 ,  1 9 7 8 4 ,  1 9 7 8 5 ) .   S e e d  y i e l d  i s  i n d i c a t e d .  
 P a i r - c r o s s  S e l f i n g  
 P l a n t s  S e e d  y i e l d  P l a n t s  S e e d  y i e l d  
L .  p e r e n n e   1 9 5 2 8 * 1 9 6 9 8  
1 9 5 8 8 * 1 9 5 7 4  
2 . 8  g r a m s  
4 . 9  g r a m s  
1 9 5 2 8 * 1 9 5 2 8  
1 9 6 9 8 * 1 9 6 9 8  
0 . 3  g r a m s  
7 . 3  g r a m s  
L .  x  b o u c h e a n u m   1 9 8 0 7 * 1 9 9 0 7  
1 9 7 8 4 * 1 9 7 8 5  
1 . 2  g r a m s  
0 . 6  g r a m s  
1 9 8 0 7 * 1 9 8 0 7  
1 9 9 0 7 * 1 9 9 0 7  
0 . 5  g r a m s  
0 . 6  g r a m s  
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Fig. 2.9 : Frequency distribution of mean crown rust scores of populations obtained by crossing (C) or 
selfing (S) resistant F1 plants of the L. perenne or L. x boucheanum populations.  The crown rust score 
varies from 1 (resistant) till 6 (susceptible).  The number of plants representing the percentage are noted on 
top of the bars.  The number of viable plants obtained from 96 seeds is represented. 
µ = 2.948 
SD = 1.503 
58 viable plants 
 
µ = 1.325 
SD = 0.627 
83 viable plants 
 
µ = 2.826 
SD = 1.636 
69 viable plants 
 
µ = 2.326 
SD = 1.586 
49 viable plants 
µ = 2.865 
SD = 1.417 
37 viable plants 
 
µ = 1.307 
SD = 0.807 
88 viable plants 
µ = 1.418 
SD = 0.762 
67 viable plants 
µ = 1.481 
SD = 0.880 
73 viable plants 
C h a p t e r  2  
3 4  
I n  t h e  L .  p e r e n n e  c r o s s e s ,  t h e  s u r v i v a l  o f  t h e  o f f s p r i n g  w a s  t o o  l o w  t o  d r a w  
c o n c l u s i o n s  a b o u t  t h e  i n h e r i t a n c e  o f  r e s i s t a n c e .   T h e  h i g h  r a t e s  o f  m o r t a l i t y ,  
r a n g i n g  b e t w e e n  2 8 %  ( 1 9 5 8 8 * 1 9 5 7 4 )  a n d  6 1 %  ( 1 9 5 2 8 * 1 9 5 2 8 ) ,  w e r e  p r o b a b l y  
d u e  t o  i n b r e e d i n g  d e p r e s s i o n  a n d  l o w  v i a b i l i t y  o f  t h e  p l a n t s .   H o w e v e r ,  i f  t h e  
c o n c l u s i o n  o f  t h e  p h e n o t y p i c  a n a l y s i s  o f  t h e  F
1
 p o p u l a t i o n  w a s  t h a t  o n e  o r  t w o  
d o m i n a n t  g e n e s ,  s h o w i n g  n o  i n t e r a c t i o n  w e r e  i n v o l v e d  i n  r e s i s t a n c e ,  w e  c a n  
s p e c u l a t e  a b o u t  t h e  s e g r e g a t i o n  i n  t h e  s e l f i n g s .   I f  o n e  g e n e  i s  i n v o l v e d ,  r e s i s t a n t  
F
1
 p l a n t s  c o n t a i n  a t  t h a t  g e n e  o n e  d o m i n a n t  r e s i s t a n c e  a l l e l e  a n d  o n e  
s u s c e p t i b i l i t y  a l l e l e .   S e l f i n g  t h i s  F
1
 i n d i v i d u a l  l e a d s  t o  a  s e g r e g a t i o n  o f  t h r e e  
r e s i s t a n t  p l a n t s  t o  o n e  s u s c e p t i b l e  p l a n t .   I f  t w o  g e n e s  a r e  i n v o l v e d ,  t h e n  t w o  
t y p e s  o f  r e s i s t a n t  F
1
 i n d i v i d u a l s  c a n  b e  f o u n d  :  i n d i v i d u a l s  c o n t a i n i n g  a t  b o t h  
g e n e s  t h e  d o m i n a n t  r e s i s t a n c e  a l l e l e  a n d  i n d i v i d u a l s  c o n t a i n i n g  j u s t  a t  o n e  g e n e  
t h e  r e s i s t a n c e  a l l e l e .   I n  t h e  f i r s t  c a s e ,  s e l f i n g  w i l l  l e a d  t o  a  p o p u l a t i o n  s e g r e g a t i n g  
i n  1 5  r e s i s t a n t  p l a n t s  t o  o n e  s u s c e p t i b l e  p l a n t .   I n  t h e  s e c o n d  c a s e ,  a  3  t o  1  r a t i o  i s  
e x p e c t e d .   L o o k i n g  a t  t h e  f r e q u e n c y  d i s t r i b u t i o n s ,  a  1 5  t o  o n e  r a t i o  i s  n e v e r  
r e a c h e d .   T h e  r a t i o  o b t a i n e d  i n  1 9 6 9 8 * 1 9 6 9 8  ( 2 . 0 6 : 1 )  i s  t h e  c l o s e s t  t o  a  3  t o  o n e  
r a t i o ;  a l l  t h e  o t h e r  r a t i o s  o b t a i n e d  a r e  l e s s  t h a n  3 : 1 .   O n e  e x p l a n a t i o n  c a n  b e  t h a t  
p l a n t s  w i t h  t w o  r e s i s t a n c e  a l l e l e s  a t  o n e  g e n e  ( h o m o z y g o u s  f o r  t h e  r e s i s t a n c e  
g e n e ) ,  d o  n o t  d i s p l a y  a  r e s i s t a n t  p h e n o t y p e  o r  t h a t  t h e y  p o s s e s s  a  r e d u c e d  
v i a b i l i t y  o r  r e d u c e d  f i t n e s s .   T h i s  r e d u c e d  v i a b i l i t y  c o u l d  b e  c a u s e d  b y  
a s s o c i a t i o n s  b e t w e e n  r e s i s t a n c e  a l l e l e s  a n d  v i a b i l i t y  g e n e s  i n  t h i s  p o p u l a t i o n .   
T h i s  m e a n s  t h a t  t h e  1 5 : 1  a n d  t h e  3 : 1  r a t i o s  c h a n g e  t o  a  1 : 1  r a t i o .   T h i s  r a t i o  f i t s  
m o r e  t o  t h e  f r e q u e n c y  d i s t r i b u t i o n s  f o u n d .   H o w e v e r ,  t h e s e  s p e c u l a t i o n s  s h o u l d  
b e  t a k e n  w i t h  c a r e  a s  a  h i g h  m o r t a l i t y  r a t e  i n  t h e  f o u r  c r o s s e s  w a s  o b s e r v e d .    
F o r  t h e  L .  x  b o u c h e a n u m  c r o s s e s ,  t h e  o f f s p r i n g  d i s p l a y e d  a  g o o d  v i a b i l i t y .   I n  
a l l  c a s e s ,  t h e  f r e q u e n c y  d i s t r i b u t i o n s  o f  t h e  m e a n  c r o w n  r u s t  s c o r e  a r e  s k e w e d  
t o w a r d s  r e s i s t a n c e .   T h i s  w a s  a s  e x p e c t e d ,  a s  c r o s s e s  a n d  s e l f i n g s  w e r e  m a d e  
w i t h  r e s i s t a n t  p l a n t s .   A s  w e  c o u l d  n o t  r e t a i n  a  h y p o t h e s i s  i n  a p p r o a c h  2  i n  t h e  L .  
x  b o u c h e a n u m  F
1
 p o p u l a t i o n ,  o n l y  a p p r o a c h  1  i s  u s e d  t o  e x p l a i n  t h e  f r e q u e n c y  
d i s t r i b u t i o n s  o b t a i n e d  i n  t h e s e  F
2
 p o p u l a t i o n s .  
A c c o r d i n g  t o  a p p r o a c h  1 ,  i n  w h i c h  p l a n t s  w i t h  s c o r e  1  o r  2  a r e  c o n s i d e r e d  
r e s i s t a n t ,  w e  h y p o t h e s i z e d  t h a t  i n  t h i s  L .  x  b o u c h e a n u m  p o p u l a t i o n  t w o  g e n e s ,  o f  
w h i c h  t h e  r e s i s t a n c e  a l l e l e s  d o  n o t  s h o w  i n t e r a c t i o n  w e r e  p r e s e n t  ( s e e  2 . 4 . 5 . 2 ) .   
F o l l o w i n g  t h i s  h y p o t h e s i s ,  a n d  a s  a l r e a d y  e x p l a i n e d  f o r  t h e  L .  p e r e n n e  
p o p u l a t i o n ,  w e  e x p e c t  a f t e r  s e l f i n g  a  F
1
 i n d i v i d u a l  a  s e g r e g a t i o n  o f  3 : 1  o r  1 5 : 1 .   
F o r  1 9 9 0 7 ,  t h e  o b s e r v e d  r a t i o  i s  9 : 1  a n d  f o r  1 9 8 0 7 ,  t h e  r a t i o  i s  1 1 . 5 : 1 .   T h e  
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observed segregations of the selfing of 19907 and 19807 fit well the expected 
15:1 segregation (c2 = 0.436 and 2.026 with P-values 0.509 and 0.105) and we 
can thus conclude that for both selfed plants (19907 and 19807) at the two genes 
a resistance allele is present. 
In the cross 19907*19807, we then expect to find again a 15:1 segregation.  
The observed segregation is 24:1, which fits the proposed model (c2 = 0.984 with 
a P-value of 0.321).  This confirms again our previous conclusion of both plants 
having a resistance allele at the two major genes. 
 
2.5 Conclusions 
Three F1 populations, consisting of an acceptable number of plants for 
statistical analysis were created.  No maternal effect on crown rust resistance was 
present in the three selected populations.  A good correlation was found between 
the three scoring dates but, as expected, lower correlation was found between the 
score observed in the field and the mean score obtained using the artificial 
inoculation test.  We should bear in mind that the results of this study are based 
on phenotypic analysis on seedlings using one spore mixture in an artificial 
inoculation method.  This is a good starting point to analyse crown rust 
resistance in Lolium populations, as the environmental conditions are controlled 
and an uniform spore mixture is used.  However, it is very interesting to compare 
these results with phenotypic data obtained on adult plants, using different spore 
mixtures or single spore isolates and in different environments.  This was 
however beyond the scope of this thesis.   
For each F1 population, hypotheses on the number of genomic regions 
involved in crown rust resistance were put forward.  In the L. perenne 
population, we found that resistance was conferred by one or two genes, of 
which the resistance alleles are dominant and do not interact.  For the L. x 
boucheanum population, we could conclude that the resistance was conferred by 
two major genes, of which the resistance alleles are dominant and do not show 
interaction.  After considering the results of the crossings and selfings of F1 
plants in the L. x boucheanum, the proposed hypothesis was confirmed.  As 
Puccinia spp. are biotrophic fungi, we expected to find genes that display 
characteristic gene-for-gene specificity.  Wise et al. (1996) stated that this kind of 
genes are often found in the resistance of monocotyledonous species to obligate 
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f u n g a l  b i o t r o p h s ,  s u c h  a s  Z e a  m a y s  t o  P u c c i n i a  s o r g h i ,  T r i t i c u m  a e s t i v u m  t o  
P u c c i n i a  s p p .  a n d  H o r d e u m  v u l g a r e  t o  E r y s i p h e  g r a m i n i s .   H o w e v e r ,  
p h e n o t y p i c  d a t a  f o r  t h e  t w o  s t u d i e d  p o p u l a t i o n s  d e m o n s t r a t e  t h a t  t h e  a c t i o n  o f  
m i n o r  g e n e s  s h o u l d  b e  t a k e n  i n t o  a c c o u n t .   T h e s e  g e n e s  a r e  r e s p o n s i b l e  f o r  t h e  
s p r e a d i n g  w i t h i n  c l a s s e s .    
I n  t h e  L .  m u l t i f l o r u m  p o p u l a t i o n ,  a  n o r m a l  d i s t r i b u t i o n  o f  t h e  m e a n  c r o w n  r u s t  
s c o r e  w a s  f o u n d ,  i n d i c a t i n g  t h a t  t h e  r e s i s t a n c e  p r e s e n t  i n  t h i s  p o p u l a t i o n  w a s  
p r o b a b l y  c o n f e r r e d  b y  s e v e r a l  a d d i t i v e  g e n e s  w i t h  n o  m a j o r  e f f e c t s .    
T h e  r e s i s t a n c e  f o u n d  i n  t h e  L .  p e r e n n e  a n d  L .  x  b o u c h e a n u m  p o p u l a t i o n  
r e s e m b l e s  m o s t  t o  t h e  r e s i s t a n c e  r e p o r t e d  b y  S c h m i d t  ( 1 9 8 0 ) .   T h e  r e s i s t a n c e  
f o u n d  i n  t h e  L .  m u l t i f l o r u m  p o p u l a t i o n  r e s e m b l e s  m o r e  t h e  r e s i s t a n c e  r e p o r t e d  
b y  W i l k i n s  ( 1 9 7 5 )  a n d  H a y w a r d  ( 1 9 7 7 ) .   N o  r e c e s s i v e  r e s i s t a n c e  a l l e l e s  w e r e  
i d e n t i f i e d  i n  t h e  c o n s t r u c t e d  p o p u l a t i o n s .    
I n  o r d e r  t o  c o n f i r m  a n d  t o  s t u d y  t h e  g e n e t i c  b a c k g r o u n d  o f  t h e  r e s i s t a n c e  
m e c h a n i s m s  f o u n d  m o r e  i n  d e t a i l ,  D N A  m a r k e r s  w i l l  b e  u s e d  t o  i d e n t i f y  g e n o m i c  
r e g i o n s  i n v o l v e d  i n  t h e  t r a i t .   I d e n t i f i c a t i o n  o f  m a r k e r s  l i n k e d  t o  r e s i s t a n c e  g e n e s  
c o m b i n e s  t h e  u s e  o f  d e t a i l e d  g e n e t i c  m a p s  ( Q T L  a n a l y s i s )  a n d  t a r g e t e d  m a p p i n g  
s t r a t e g i e s  ( B S A ) .   F o r  Q T L  a n a l y s i s ,  t h e  t r a i t  s h o u l d  f o l l o w  a  G a u s s i a n  
d i s t r i b u t i o n .   B S A ,  o n  t h e  o t h e r  h a n d ,  i s  l i m i t e d  t o  m o n o g e n i c  t r a i t s  o r  t o  m a j o r  
g e n e s  o f  w h i c h  t h e  a c t i o n  i s  m o d i f i e d  b y  m i n o r  g e n e s  ( L e f e b v r e  &  C h e v r e ,  
1 9 9 5 ) .   T h e s e  t w o  a p p r o a c h e s  c o u l d  b e  c o m p l e m e n t a r y  i n  t h e  s e a r c h  f o r  
m o l e c u l a r  m a r k e r s  l i n k e d  t o  n u c l e a r  f a c t o r s  i n v o l v e d  i n  c r o w n  r u s t  r e s i s t a n c e .   
T h r e e  s c e n a r i o s  a r e  p o s s i b l e :  
1 )  w e  a r e  d e a l i n g  w i t h  a n  o l i g o g e n i c  t r a i t  :  a  B S A  a p p r o a c h  s h o u l d  b e  
a p p r o p r i a t e  t o  i d e n t i f y  m o l e c u l a r  m a r k e r s  l i n k e d  t o  t h e  g e n e  r e s p o n s i b l e  f o r  
t h e  r e s i s t a n c e ;  
2 )  w e  a r e  d e a l i n g  w i t h  a  t r a i t  c o n t r o l l e d  b y  o n e  o r  a  f e w  m a j o r  g e n e s  m o d i f i e d  
b y  n u m e r o u s  m i n o r  g e n e s  :  a  B S A  a p p r o a c h  w h e r e  j u s t  t h e  p l a n t s  w i t h  t h e  
m o s t  e x t r e m e  c r o w n  r u s t  s c o r e s  a r e  i n c l u d e d  c o u l d  h e l p  t o  i d e n t i f y  m a r k e r s  
l i n k e d  t o  m a j o r  r e s i s t a n c e  g e n e s .   A  Q T L  a p p r o a c h  c o u l d  h e l p  t o  i d e n t i f y  t h e  
c h r o m o s o m e  r e g i o n s  w h e r e  m i n o r  g e n e s  a r e  l o c a t e d ;  
3 )  i n  t h e  c a s e  w e  a r e  d e a l i n g  w i t h  a  p u r e  p o l y g e n i c  t r a i t ,  a  B S A  a p p r o a c h  s h o u l d  
b e  u n s u c c e s s f u l  a n d  o n l y  a  Q T L  a n a l y s i s  s h o u l d  h e l p  t o  i d e n t i f y  t h e  l o c a t i o n  
o f  t h e  g e n e s  i n v o l v e d .  
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As we are dealing with scenario 2 in the L. x boucheanum and L. perenne 
population, a BSA and QTL analysis will be applied on both populations.  For 
the L. multiflorum population, scenario 3 is appropriate, however, a BSA 
analysis is used as confirmation of the hypotheses formulated in the present 
chapter and to select the most informative AFLP primer combinations for linkage 
map construction. 
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Chapter 3 
Identification of markers linked with crown 
rust resistance using Bulk Segregant 
Analysis 
3.1 Introduction 
In the previous chapter, inheritance of crown rust resistance in populations of 
L. perenne, L. multiflorum and L. x boucheanum was discussed.  The trait was 
semi-quantitatively or quantitatively inherited, depending on the population.  In 
this and the following chapters, DNA-marker technology is used for 
confirmation of the observed inheritance and further dissection of the genetic 
components involved in crown rust resistance in the three populations selected. 
 
3.1.1 Use of molecular marker technology 
Plant breeders typically have little information on the number of genetic 
factors controlling the expression of relevant agronomic traits, the chromosomal 
location of these loci, the relative contribution of individual loci to trait 
expression, pleiotropic effects, epistatic interactions among genetic factors in 
different environments etc. (Stuber et al., 1999).  The advent of molecular 
marker technologies has opened a door for the dissection and genetic 
characterisation of complex traits and for the identification of beneficial allelic 
variants.  Marker assisted selection (MAS) helps breeders to manipulate more 
efficiently and effectively.  Introgression programmes can benefit greatly from 
MAS.  Indeed, the use of markers allows significant gains in terms of 
generations required to reduce the donor genotype to a minimum in the 
introgressed line and allows the introgression of shorter chromosome segments.  
MAS enables also the accumulation of multiple beneficial alleles for example to 
pyramid disease resistance or improve traditional traits which have a 
comparatively long history selection (Humphreys, 2000).  MAS becomes 
effective when phenotyping in conventional breeding is costly, time-consuming 
and dependent on environmental conditions (William et al., 1997; Chantret et 
al., 2000) and when the trait is influenced by different genetic components 
whose individual detection is labour-intensive (Kumar, 1999).  Marker 
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t e c h n o l o g y  h a s  a l r e a d y  b e e n  e x t e n s i v e l y  u s e d  t o  d i s s e c t  d i s e a s e  r e s i s t a n c e s  b y  
m e a n s  o f  Q T L  a n a l y s i s  ( f o r  a n  o v e r v i e w  K o v e r  &  C a c e i d o ,  2 0 0 1 ) .   T h e s e  Q T L s  
c a n  b e  r e a d i l y  u s e d  f o r  p r a c t i c a l  b r e e d i n g  a n d  s e l e c t i o n .  
N e x t  t o  i d e n t i f y i n g  t h e  d i f f e r e n t  g e n e t i c  c o m p o n e n t s  a n d  p r a c t i c a l  b r e e d i n g  
a p p l i c a t i o n s ,  m a r k e r s  a r e  u s e d  f o r  f i n e  m a p p i n g  o f  t h e  g e n e s  r e s p o n s i b l e  f o r  t h e  
t r a i t  ( C h a n t r e t  e t  a l . ,  2 0 0 0 ) .   I n  m a j o r  c r o p s  w i t h  g e n o m e s  w e l l  c h a r a c t e r i z e d  
w i t h  m o l e c u l a r  m a r k e r s ,  i t  i s  p o s s i b l e  t o  s e l e c t  m a r k e r s  t h a t  a r e  e v e n l y  d i s p e r s e d  
o v e r  t h e  g e n o m e .   T h i s  f r a m e w o r k  s e r v e s  a s  a  s t a r t i n g  p o i n t  i n  l i n k a g e  a n a l y s i s  
b e t w e e n  m a r k e r s  a n d  t r a i t .   O n c e  t h e  l i n k e d  m a r k e r s  a r e  f o u n d ,  o n e  c a n  s i t u a t e  
t h e  r e s p o n s i b l e  g e n e s  o n  a  g e n e t i c  m a p  a n d  s a t u r a t e  t h e  g e n o m i c  r e g i o n  o f  
i n t e r e s t  w i t h  m a r k e r s  t o  f i n e - m a p  t h e  g e n e ( s )  i n v o l v e d  i n  t h e  t r a i t  e x p r e s s i o n .   
T h e  p r e c i s e  l o c a t i o n  o f  g e n e s  e n a b l e s  t h e  s t u d y  o f  t h e  h o m o e o a l l e l i c  
r e l a t i o n s h i p s  b e t w e e n  d i s e a s e  r e s i s t a n c e  g e n e s  a m o n g  g e n o m e s  ( C h a n t r e t  e t  a l . ,  
2 0 0 0 ) .   S e v e r a l  r e s i s t a n c e  g e n e s  w i t h  s p e c i f i c  f u n c t i o n s  h a v e  a l r e a d y  b e e n  
i s o l a t e d  u s i n g  m o l e c u l a r  m a r k e r s  ( f o r  a n  o v e r v i e w  K u m a r ,  1 9 9 9 ) .   F o r  e x a m p l e ,  
S c h w a r z  e t  a l .  ( 1 9 9 9 )  w e r e  a b l e  t o  i s o l a t e  t h e  M l a  l o c u s  w h i c h  d e t e r m i n e s  
r e s i s t a n c e  t o  t h e  p o w d e r y  m i l d e w  p a t h o g e n  E r y s i p h e  g r a m i n i s  i n  b a r l e y .    
I n  t h e  f i r s t  r e p o r t s  o n  t a g g i n g  r e s i s t a n c e  g e n e s ,  R F L P s  ( r e s t r i c t i o n  f r a g m e n t  
l e n g t h  p o l y m o r p h i s m )  w e r e  u s e d .   L a t e r  o n ,  P C R - b a s e d  m a r k e r  t e c h n i q u e s  s u c h  
a s  R A P D  ( r a n d o m  a m p l i f i e d  p o l y m o r p h i c  D N A )  w e r e  i n t r o d u c e d  ( M i c h e l m o r e  
e t  a l . ,  1 9 9 1 ;  C h a g u é  e t  a l . ,  1 9 9 7 ) .   S S R  ( s i m p l e  s e q u e n c e s  r e p e a t s )  m a r k e r s  
a m p l i f y i n g  s h o r t  s e q u e n c e  r e p e a t s ,  a r e  n o w  t h e  m o s t  p r e f e r r e d  i n  l i n k a g e  
s t u d i e s .   C h a n t r e t  e t  a l .  ( 2 0 0 0 )  l o c a t e d  t h e  p o w d e r y  m i l d e w  r e s i s t a n c e  g e n e  
M I R E  o n  t h e  g e n o m e  o f  w h e a t  u s i n g  S S R s .   H o w e v e r ,  o n l y  a  s m a l l  n u m b e r  o f  
p r i m e r  s e q u e n c e s  t o  a m p l i f y  S S R  l o c i  i n  r y e g r a s s e s  a r e  p u b l i c l y  a v a i l a b l e  
( K u b i k  e t  a l . ,  1 9 9 9 ;  J o n e s  e t  a l . ,  2 0 0 1 ;  K u b i k  e t  a l . ,  2 0 0 1 ) .   W e  w i l l  u s e  t h u s  
A F L P s  ( a m p l i f i e d  f r a g m e n t  l e n g t h  p o l y m o r p h i s m s ;  V o s  e t  a l . ,  1 9 9 5 )  a s  t h i s  
P C R - b a s e d  m a r k e r  t e c h n i q u e  e n a b l e s  t h e  a n a l y s i s  o f  a  l a r g e  n u m b e r  o f  m a r k e r  
l o c i  i n  a  s i n g l e  P C R  w i t h o u t  t h e  n e c e s s i t y  o f  p r i o r  k n o w l e d g e  a b o u t  g e n o m i c  
s e q u e n c e s .   T h i s  u n i v e r s a l l y  a p p l i e d  t e c h n i q u e  i n  l i n k a g e  a n d  a s s o c i a t i o n  s t u d i e s  
p r o v i d e s  d o m i n a n t  m a r k e r s  w i t h  p o l y m o r p h i s m s  d e t e c t e d  a s  t h e  p r e s e n c e  o r  
a b s e n c e  o f  a m p l i f i e d  f r a g m e n t s  ( f . e .  C e r v e r a  e t  a l . ,  1 9 9 6 ;  B a i  e t  a l . ,  1 9 9 9 ;  T a n g  
e t  a l . ,  2 0 0 0 ) .  
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3.1.2 Bulk Segregant Analysis 
In order to find a marker-trait linkage, extensive genotyping is required.  To 
reduce the amount of genotyping work, Bulk Segregant Analysis (BSA) is the 
classical way to find markers linked to a trait under monogenic control 
(Michelmore et al., 1991).  The method involves comparing two pooled DNA 
samples of individuals from a segregating population originating from a single 
cross (see Fig. 3.1).  Within each pool, or bulk, the individuals are identical for 
the loci of interest but are arbitrary for all other loci.  Or in other words, each 
pool contains individuals selected to have identical genotypes for particular loci 
but random genotypes at unlinked loci.  These two pools are analysed to identify 
markers that distinguish them.  Markers that are polymorphic between the pools 
are candidate markers to be linked to the loci involved in the trait of interest 
(Michelmore et al., 1991).   
 
 
        Parents   F1 individuals  Bulks 
 















Fig. 3.1 : Bulk Segregant Analysis is used to identify markers linked with the characteristic 
of interest, f.e. disease resistance.  Fingerprints of the resistant (R) and susceptible (S) 
parent are compared with the fingerprints of a bulk derived from resistant F1 individuals (R 
bulk) and a bulk derived from susceptible F1 individuals (S bulk).  Markers potentially 
linked with resistance or susceptibility are indicated in bold. 
 
BSA is a valuable approach that avoids the necessity to genotype each 
member of a population, which is time consuming when no beforehand 
knowledge on good candidate markers exists.  The only prerequisite is the 
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a v a i l a b i l i t y  o f  a  p o p u l a t i o n  r e s u l t i n g  f r o m  a  c r o s s  t h a t  s e g r e g a t e s  f o r  t h e  t r a i t  o f  
i n t e r e s t .   T h e  s u c c e s s  o f  t h e  a p p r o a c h  w i l l  d e p e n d  o n  t h e  g e n e t i c  d i v e r g e n c e  
b e t w e e n  t h e  p a r e n t s  i n  t h e  t a r g e t  r e g i o n .    
B S A  a s s u m e s  t h a t  m a r k e r s  a d j a c e n t  t o  t h e  t a r g e t e d  l o c u s  w i l l  b e  i n  l i n k a g e  
d i s e q u i l i b r i u m  a m o n g  t h e m s e l v e s  a n d  w i t h  r e s p e c t  t o  t h e  t r a i t  ( i . e . ,  
r e c o m b i n a t i o n  w i l l  n o t  h a v e  r a n d o m i s e d  t h e s e  m a r k e r s  w i t h  r e s p e c t  t o  t h e  
t a r g e t e d  l o c u s ) .   A s  t h e  g e n e t i c  d i s t a n c e  i n c r e a s e s ,  m o r e  r e c o m b i n a n t s  w i l l  b e  
p r e s e n t  i n  e a c h  b u l k ,  c u l m i n a t i n g  i n  5 0 %  r e c o m b i n a n t s ,  n o  l i n k a g e  
d i s e q u i l i b r i u m ,  a n d  t h e r e f o r e  r e s u l t i n g  i n  n o  d i f f e r e n c e s  b e t w e e n  t h e  b u l k s .   
S e v e r a l  f a c t o r s  s h o u l d  b e  t a k e n  i n t o  c o n s i d e r a t i o n  w h e n  p l a n n i n g  a n d  
i n t e r p r e t i n g  a  B S A  e x p e r i m e n t :  
§  T h e  s i z e  o f  t h e  b u l k  i s  r e l a t e d  t o  t h e  p r o b a b i l i t y  f o r  u n l i n k e d  l o c i  ( f a l s e  
p o s i t i v e s )  t o  b e  d e t e c t e d  a s  p o l y m o r p h i c  b e t w e e n  t h e  b u l k s .   T h i s  i n  t u r n  
w i l l  d e p e n d  o n  t h e  t y p e  o f  m a r k e r  b e i n g  s c r e e n e d  ( d o m i n a n t  o r  c o -
d o m i n a n t )  a n d  t h e  t y p e  o f  p o p u l a t i o n  u s e d  t o  g e n e r a t e  t h e  b u l k s  ( F
2
,  
b a c k c r o s s ,  f u l l  s i b ,  e t c . ) .   F o r  e x a m p l e ,  f o r  a  d o m i n a n t  m a r k e r  s e g r e g a t i n g  
i n  a  F
2
 p o p u l a t i o n  t h e  p r o b a b i l i t y  o f  a  b u l k  o f  n  i n d i v i d u a l s  h a v i n g  a  b a n d  
a n d  a  s e c o n d  b u l k  o f  e q u a l  s i z e  n o t  h a v i n g  a  b a n d  w i l l  b e  2 ( 1 -
( 1 / 4 )
n
) ( 1 / 4 )
n
,  w i t h  n =  b u l k  s i z e .   I n  t h i s  c a s e ,  t h e  p r o b a b i l i t y  t o  m i s c l a s s i f y  
a n  u n l i n k e d  m a r k e r  a s  l i n k e d  m a r k e r  u s i n g  b u l k s  o f  1 0  i n d i v i d u a l s  i s  2  x  
1 0
- 6
.   T h u s ,  t h e  c h a n c e  o f  d e t e c t i n g  a  p o l y m o r p h i c  u n l i n k e d  l o c u s  ( f a l s e  
p o s i t i v e )  i s  s m a l l ,  e v e n  w h e n  m a n y  l o c i  a r e  s c r e e n e d .   T h e  s m a l l e r  t h e  
b u l k s ,  t h e  h i g h e r  t h e  f r e q u e n c y  o f  f a l s e  p o s i t i v e s  ( M i c h e l m o r e  e t  a l . ,  
1 9 9 1 ) .   T h e  L o l i u m  p o p u l a t i o n s  u s e d  i n  t h i s  s t u d y ,  w e r e  c r e a t e d  b y  
c r o s s i n g  t w o  h e t e r o z y g o u s  p l a n t s .   U s i n g  a  d o m i n a n t  m a r k e r  s y s t e m  l i k e  
A F L P ,  o n l y  t h e  b a c k  c r o s s  m a r k e r s  ( B C ) ,  h e t e r o z y g o u s  i n  o n e  p a r e n t  
p l a n t  a n d  a b s e n t  i n  t h e  o t h e r  p a r e n t  a r e  i n t e r e s t i n g  f o r  B S A .   T h e  c h a n c e  
t o  d e t e c t  a n  u n l i n k e d  l o c u s  b e i n g  p o l y m o r p h i c  b e t w e e n  b u l k s  o f  1 0  
i n d i v i d u a l s  i s  f o r  a  B C  m a r k e r  i n  t h i s  k i n d  o f  s e g r e g a t i n g  p o p u l a t i o n  2 ( 1 -
( 1 / 2 )
n
) ( 1 / 2 )
n  
o r  2  x  1 0
- 3
.   T h e r e f o r e ,  t h e  c h a n c e  o f  m i s c l a s s i f i c a t i o n  ( f a l s e  
p o s i t i v e s )  i s  h i g h e r  i n  t h e  L o l i u m  p o p u l a t i o n s  u s e d  i n  t h e  p r e s e n t  s t u d y  
t h a n  i n  a  s t a n d a r d  F
2
 p o p u l a t i o n .   T h i s  f a c t o r  s h o u l d  b e  t a k e n  i n t o  a c c o u n t  
d u r i n g  t h e  i n t e r p r e t a t i o n  o f  t h e  r e s u l t s .    
§  T h e  w i d t h  o f  t h e  g e n e t i c  w i n d o w  a r o u n d  t h e  t a r g e t  l o c u s ,  f r o m  w h i c h  
m a r k e r s  w i l l  b e  d e t e c t e d  a s  l i n k e d  w i t h  t h e  t a r g e t ,  d e p e n d s  o n  t h e  
s e n s i t i v i t y  o f  t h e  m a r k e r  t e c h n i q u e  t o  d e t e c t  r a r e  a l l e l e s  i n  t h e  b u l k s .   I n  
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practice, alleles as prevalent as a proportion of 0.1 of a mixture were 
barely detectable using RAPD and were never detected if they constituted 
a proportion of 0.04 or less of the total (Michelmore et al., 1991).  
Depending on the band, polymorphisms have been detected when the 
rarer allele constituted proportions up to 0.2-0.4 of the mixture, at least as 
differences in band intensities.  Therefore, in a F2 population using RAPD 
markers, loci within 15cM of the target loci are likely to be identified by 
BSA.  Many markers within a 30% recombination window will also be 
detectable, at least as bands of unequal intensity (Michelmore et al., 1991; 
Quarrie et al., 1999); with AFLP comparable results were obtained (I. 
Roldán-Ruiz, CLO-DvP, personal communication), however the 
interpretation of differences in band intensities was not always reliable. 
The width of the genetic window will also depend on the segregating 
population used.  Bulks made from backcross populations provide greater 
focus around the region of interest than F2 populations, which provide 
maximal genetic width of the region screened for polymorphism.  If 
sufficient individuals are pooled to form each bulk, the genetic window 
will be symmetrical around the target locus; this is in contrast to the 
region around a locus selected during the generation of NILs, which may 
be extremely asymmetrical (Michelmore et al., 1991).  In the Lolium 
populations used in the present study, a maximal genetic width of the 
region is expected, as the parents are unrelated and highly heterozygous. 
 
3.1.3 BSA for QTL identification 
BSA was originally used to detect markers linked with a trait under 
monogenic control, but it can also be used to identify QTLs (O’Donoughue et 
al., 1996; Chagué et al., 1997; William, 1997).  If a quantitative trait is 
controlled by a few major genes, comparison of bulks of individuals with 
extreme phenotypes could rapidly identify markers linked to these QTLs.  This 
could be made more powerful by progeny testing the extreme phenotypes and 
discarding those that do not show heritable variation.   
Using BSA as a technique to identify markers linked to a QTL, one should 
take into account that the QTL has a sufficiently large effect.  Hill (1998) stated 
that BSA is likely to produce uniform selected groups for the QTL only if the 
magnitude of its effect approaches two times the standard deviation.  In this 
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w a y ,  t h e r e  i s  a  h i g h  p r o b a b i l i t y  t h a t  t h e  h i g h  a n d  l o w  b u l k s  e a c h  c o m p r i s e  
a l m o s t  a l l  i n d i v i d u a l s  o f  t h e  s a m e  g e n o t y p e ;  t h e n  t h e  t w o  b u l k s  d i f f e r  c l e a r l y  i n  
g e n o t y p e  p r o f i l e  f o r  m a r k e r s  c l o s e l y  l i n k e d  t o  m a j o r  Q T L s .    
 
3 . 2  O b j e c t i v e s  a n d  r a t i o n a l e  
T h e  o b j e c t i v e s  w i t h i n  C h a p t e r  3  w e r e  t o  i d e n t i f y  m a r k e r s  l i n k e d  w i t h  c r o w n  
r u s t  r e s i s t a n c e  i n  t h e  t h r e e  s e l e c t e d  L o l i u m  p o p u l a t i o n s  ( L .  p e r e n n e  T C 1 * S B 2 ,  L .  
x  b o u c h e a n u m  2 A 2 * 1 B 1 2  a n d  L .  m u l t i f l o r u m  A x i s - 3 * b - 9 0 ) .   I n  t h e  p r e v i o u s  
c h a p t e r ,  t h e  i n h e r i t a n c e  o f  c r o w n  r u s t  r e s i s t a n c e  w a s  f o u n d  t o  b e  s e m i -
q u a n t i t a t i v e  o r  q u a n t i t a t i v e ,  d e p e n d i n g  o n  t h e  p o p u l a t i o n  c o n s i d e r e d .   T o  
i d e n t i f y  m a r k e r s  l i n k e d  w i t h  t h e  m a j o r  g e n e s  i n v o l v e d  i n  c r o w n  r u s t  r e s i s t a n c e ,  a  
B S A  a p p r o a c h  w a s  a p p l i e d  i n  e a c h  o f  t h e  s e l e c t e d  p o p u l a t i o n s .   F o r  t h i s  
p u r p o s e ,  b u l k s  w e r e  c o n s t r u c t e d  w i t h  i n d i v i d u a l s  d i s p l a y i n g  e x t r e m e  
p h e n o t y p e s .   T h e  f i n g e r p r i n t s  o f  t h e s e  b u l k s  w e r e  c o m p a r e d  w i t h  t h e  f i n g e r p r i n t s  
o f  t h e  p a r e n t s  u s e d  t o  p e r f o r m  t h e  c r o s s .   A F L P  w a s  t h e  c h o s e n  m a r k e r  
t e c h n i q u e .   M a r k e r s  s e l e c t e d  i n  t h i s  c o m p a r i s o n  w e r e  v a l i d a t e d  b y  t e s t i n g  t h e i r  
s e g r e g a t i o n  o n  t h e  s a m p l e s  u s e d  t o  c o n s t r u c t  t h e  b u l k s ,  i n d i v i d u a l l y .   P r o m i s i n g  
m a r k e r s  w e r e  t e s t e d  o n  t h e  w h o l e  F
1
 p o p u l a t i o n .  
A s  t h e s e  d a t a  s e t s  a r e  n o n - p a r a m e t r i c ,  a l t e r n a t i v e  s t a t i s t i c a l  a n a l y s e s  w e r e  
u s e d  t o  e v a l u a t e  t h e  d e g r e e  o f  l i n k a g e  b e t w e e n  t h e  m a r k e r s  a n d  t h e  t r a i t .   
F i n a l l y ,  m a r k e r s  w e r e  e v a l u a t e d  f o r  t h e i r  u s e  i n  M A S .  
 
3 . 3  M a t e r i a l  a n d  m e t h o d s  
3 . 3 . 1  P l a n t  m a t e r i a l  a n d  D N A  e x t r a c t i o n  
T h e  t h r e e  p o p u l a t i o n s  s e l e c t e d  a n d  d e s c r i b e d  i n  C h a p t e r  2  w e r e  u s e d  f o r  B S A  
( o f f s p r i n g  o f  t h e  c r o s s e s  L .  p e r e n n e  T C 1 * S B 2 ,  L .  x  b o u c h e a n u m  2 A 2 * 1 B 1 2 ,  L .  
m u l t i f l o r u m  A x i s - 3 * b - 9 0 ) .   T h e  r e s u l t s  o f  t h e  p h e n o t y p i c  e v a l u a t i o n  w e r e  
d e s c r i b e d  i n  C h a p t e r  2 .   B e f o r e  p h e n o t y p i c  e v a l u a t i o n ,  y o u n g  l e a f  m a t e r i a l  w a s  
h a r v e s t e d ,  f r o z e n  i n  l i q u i d  n i t r o g e n ,  l y o p h i l i s e d  a n d  s t o r e d  u n d e r  v a c u u m  
c o n d i t i o n s .   A b o u t  1 0 0  m g  o f  l y o p h i l i s e d  m a t e r i a l  w a s  g r i n d e d  u s i n g  a  m i l l  
( R e t s c h  M M 2 0 0 ) .   G e n o m i c  D N A  w a s  p r e p a r e d  u s i n g  a  m o d i f i e d  C T A B  
p r o t o c o l  ( W e i s i n g  e t  a l . ,  1 9 9 1 ) .  
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3.3.2 AFLP analysis 
AFLP analysis was performed according to Vos et al. (1995) with available 
kits.  Two different enzyme combinations were tested: EcoRI/MseI and 
HindIII/MseI.  250 ng of genomic DNA was digested for 2 h at 37 °C in a final 
volume of 25 µl containing 10 mM MgOAc, 50 mM DTT pH 7.5, 2.5 U MseI 
(Gibco BRL) and 2.5 U EcoRI (or HindIII) (Gibco BRL).  Two adaptors, one 
for the EcoRI ends (or HindIII ends) and one for the MseI ends, designed to 
avoid the reconstruction of the restriction sites, were ligated to the restriction 
fragments by adding 25 µl of a mix containing 5 pmol EcoRI adaptor (or 
HindIII adaptor), 50 pmol MseI adaptor, 8 mM ATP, 10 mM Tris-HCl, 10 mM 
MgOAc, 50 mM DTT pH 7.5 and 1.4 U DNA ligase (Gibco BRL).  The ligation 
mixture was incubated for 2 h at 37 °C.  Ligation mixtures were diluted to 1/10 
their initial concentration. 
A preamplification step was performed with primers complementary to the 
EcoRI (or HindIII) and MseI adaptors with an additional selective 3’ nucleotide.  
The PCR reactions were performed in a 50 µl volume of 10 mM Tris-HCl pH 
8.3, 1.5 mM MgCl2, 50 mM KCl, 0.2 mM of each dNTP, 25 ng of each primer 
(Gibco BRL), 1 U Taq DNA polymerase (Boehringer) and 5 µl of the diluted 
ligation mixture.  The PCR amplifications were carried out in a Hybaid Omni 
Gene cycler using 20 cycles consisting of 30 sec at 94 °C, 60 sec at 56 °C and 
60 sec at 72 °C.  The preamplification products were diluted to 1/10 their initial 
concentration to be used as starting material for the fluorescent selective 
amplification.  
The PCR amplification mixture was composed of 3 µl diluted 
preamplification, 1 µl MseI primer at 5 µM, 1 µl EcoRI (or HindIII) primer at 1 
µM (fluorescent labelled) and 15 µl AFLP Core Mix (Perkin Elmer).  The 
selective amplification was carried out with the following parameters : 1 cycle 
of 2 min at 94 °C, 30 sec at 65 °C, 2 min at 72 °C, followed by 9 cycles in which 
the annealing temperature decreases 1 °C per cycle, followed by 23 cycles of 1 
min at 94 °C, 30 sec at 56 °C, and 2 min at 72 °C.  At the end of the selective 
fluorescent PCR, the samples were denatured by adding 20 µl of formamide 
buffer and heating for 3 min at 90 °C.  1.5 µl of each sample was loaded on 5 % 
polyacrylamide/bisacrylamide 19:1 (Biorad), 7.5 M urea (Gibco BRL) and 1x 
TBE gels and analysed with an ABI Prism 377 DNA sequencer (ABI377; Perkin 
Elmer).  GS-500 Rox labelled size standard was loaded in each lane in order to 
allow the automatic analysis of the data.  Genescan Analysis Software 2.1 was 
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u s e d  t o  t r a n s l a t e  t h e  i n f o r m a t i o n  c o l l e c t e d  b y  t h e  A B I 3 7 7  i n t o  f r a g m e n t  s i z i n g  
i n f o r m a t i o n  a n d  G e n o t y p e r  2 . 5  w a s  u s e d  t o  s c o r e  t h e  f i n g e r p r i n t s  ( R o l d á n - R u i z  
e t  a l . ,  2 0 0 0 ) .   O n l y  A F L P  f r a g m e n t s  i n  t h e  r a n g e  7 5  b p  t o  4 5 0  b p  w e r e  u s e d  f o r  
a n a l y s i s .  
 
3 . 3 . 3  B u l k  S e g r e g a n t  A n a l y s i s  
F o r  e a c h  p o p u l a t i o n ,  r e s i s t a n t  a n d  s u s c e p t i b l e  b u l k  s a m p l e s  w e r e  c o n s t r u c t e d  
b y  p o o l i n g  o f  p r e a m p l i f i e d  D N A  o f  a t  l e a s t  t e n  F
1
 i n d i v i d u a l s  d i s p l a y i n g  
e x t r e m e  p h e n o t y p e s .   P r i o r  t o  b u l k i n g ,  t h e  q u a l i t y  o f  t h e  p r e a m p l i f i c a t i o n  
p r o d u c t s  o f  e a c h  p l a n t  w a s  c h e c k e d  b y  p e r f o r m i n g  o n e  s e l e c t i v e  a m p l i f i c a t i o n .   
I n t e n s i t y  o f  t h e  o b t a i n e d  f i n g e r p r i n t s  a f t e r  s e l e c t i v e  a m p l i f i c a t i o n  h a d  t o  b e  
i d e n t i c a l  o v e r  t h e  d i f f e r e n t  i n d i v i d u a l s  o f  t h e  b u l k s .   I n  t h i s  w a y  w e  e n s u r e d  t h a t  
t h e  c o n t r i b u t i o n  o f  e a c h  i n d i v i d u a l  c o m p o n e n t  o f  t h e  b u l k  w a s  e q u a l .  
T h e  c o m p o s i t i o n  o f  t h e  b u l k s  f o r  e a c h  p o p u l a t i o n  i s  g i v e n  i n  T a b l e  3 . 1 .   
R e s i s t a n t  b u l k s  c o n s i s t e d  o f  a t  l e a s t  1 0  p l a n t s  w i t h  s c o r e  1  i n  e a c h  o f  t h r e e  
s u b s e q u e n t  i n o c u l a t i o n  r o u n d s  ( s e e  C h a p t e r  2  f o r  d e t a i l s  o n  p h e n o t y p i n g ) .   
S u s c e p t i b l e  b u l k s  c o n s i s t e d  o f  a t  l e a s t  1 0  p l a n t s  h a v i n g  a  m e a n  p h e n o t y p i c  s c o r e  
d i f f e r i n g  t w o  t i m e s  t h e  s t a n d a r d  d e v i a t i o n  o f  t h e  p o p u l a t i o n  f r o m  t h e  s c o r e  o f  
t h e  p l a n t s  s e l e c t e d  i n  t h e  r e s i s t a n t  b u l k .   T h e  t h r e s h o l d  f o r  t h e  s u s c e p t i b l e  p l a n t s  
w a s  s e t  i n  t h i s  w a y  t o  b e  a b l e  t o  i d e n t i f y  m a r k e r s  l i n k e d  t o  Q T L s  w i t h  m a j o r  
e f f e c t s  ( G r a t t a p a g l i a  e t  a l . ,  1 9 9 6 ;  H i l l  W . ,  1 9 9 8 ) .  
F o r  t h e  L .  x  b o u c h e a n u m  a n d  L .  p e r e n n e  p o p u l a t i o n s ,  t h r e e  b u l k s  w e r e  m a d e :  
t w o  r e s i s t a n t  b u l k s  a n d  o n e  s u s c e p t i b l e  b u l k .   O n e  r e s i s t a n t  b u l k  c o n s i s t e d  o f  1 2  
( L .  p e r e n n e )  o r  1 0  ( L .  x  b o u c h e a n u m )  r e s i s t a n t  p l a n t s  h a r v e s t e d  o n  t h e  r e s i s t a n t  
p a r e n t .  T h e  o t h e r  b u l k  c o n s i s t e d  o f  1 2  ( L .  p e r e n n e )  o r  1 0  ( L .  x  b o u c h e a n u m )  
r e s i s t a n t  p l a n t s  h a r v e s t e d  o n  t h e  s u s c e p t i b l e  p a r e n t .   T h e  s u s c e p t i b l e  b u l k  
c o n s i s t e d  o f  t h e  1 2  ( L .  p e r e n n e )  o r  t h e  9  ( L .  x  b o u c h e a n u m )  p l a n t s  f r o m  b o t h  
s e e d  l o t s  s h o w i n g  t h e  h i g h e s t  s u s c e p t i b i l i t y .  
F o r  t h e  L .  m u l t i f l o r u m  p o p u l a t i o n ,  o n l y  t w o  b u l k s  w e r e  c o n s t r u c t e d .   T h e  
r e s i s t a n t  b u l k  c o n s i s t e d  o f  1 3  r e s i s t a n t  p l a n t s  h a v i n g  a  m e a n  c r o w n  r u s t  s c o r e  o f  
1 .   T h e  s u s c e p t i b l e  b u l k  c o n s i s t e d  o f  1 0  s u s c e p t i b l e  p l a n t s  s h o w i n g  t h e  h i g h e s t  
s u s c e p t i b i l i t y  i n  t h e  p o p u l a t i o n .    
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Table 3.1: Composition of BSA bulks for each population.  The crown rust score is given 
per plant and per subsequent round of inoculation (crown rust score 1, 2 and 3).  
Resistant bulk 1 = R1 Resistant bulk 2 = R2 Susceptible bulk = S 
Rust score  Rust score  Rust score 
Population 
Plant 
number 1 2 3 
Plant 
number 1 2 3 
Plant 



















































































































































L. x boucheanum 
























































































































































































































AFLP fingerprints of the bulks and the parents were compared.  The primer 
combinations yielding candidate markers were subsequently tested on each 
individual plant of the bulks.  The most promising markers were further 
analysed on all the F1 individuals of the population to confirm the marker-trait 
linkage. 
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3 . 3 . 4  S t a t i s t i c a l  a n a l y s i s  
T h e  d a t a  g e n e r a t e d  i n  t h e  B S A  a n a l y s i s  i s  n o n - p a r a m e t r i c ;  m a r k e r  
i n f o r m a t i o n  i s  d i s c r e t e  b i n a r y  d a t a  a n d  c r o w n  r u s t  i n f o r m a t i o n  i s  c a t e g o r i c a l  d a t a  
( f r o m  1  t i l l  6 ) .   A s  a  c o n s e q u e n c e ,  s t a t i s t i c s  f o r  n o r m a l l y  d i s t r i b u t e d  d a t a  l i k e  
o n e - w a y  a n a l y s i s  o f  v a r i a n c e  o r  l i n e a r  r e g r e s s i o n  c a n n o t  b e  a p p l i e d ,  i n  s t r i c t  
s t a t i s t i c a l  t e r m s .   P e r m u t a t i o n  t e s t i n g  a s  d e s c r i b e d  b y  C h u r c h i l l  a n d  D o e r g e  
( 1 9 9 4 )  i s  a  n o n p a r a m e t r i c  a p p r o a c h  s u i t e d  f o r  g e n e t i c a l  a n a l y s e s  w h e n  c l a s s i c a l  
a s s u m p t i o n s  o f  n o r m a l i t y  o r  l a r g e  s a m p l e  s i z e s  a r e  v i o l a t e d .   P e r m u t a t i o n  t e s t s  
a s  d e s c r i b e d  i n  C h u r c h i l l  a n d  D o e r g e  ( 1 9 9 4 )  w e r e  d e s i g n e d  b y  M o e r k e r k e  e t  a l .  
( U n i v e r s i t y  o f  G e n t ,  p e r s o n a l  c o m m u n i c a t i o n )  i n  S - P l u s  6 . 0  p r o f e s s i o n a l  r e l e a s e  
2  ( I n s i g h t f u l  C o r p . ) .   
F o r  e a c h  c a n d i d a t e  m a r k e r  t e s t e d  o n  t h e  w h o l e  p o p u l a t i o n ,  t h e  m a r k e r  –  t r a i t  
l i n k a g e  w a s  a n a l y s e d .   P e r  m a r k e r ,  a n  o r i g i n a l  T
0
 t e s t  s t a t i s t i c  ( t h e  s t a n d a r d i z e d  
r e g r e s s i o n  c o e f f i c i e n t  f r o m  a  s i m p l e  l i n e a r  r e g r e s s i o n  m o d e l ,  e q u i v a l e n t  t o  a  t -
t e s t )  w a s  c a l c u l a t e d .   T h e n ,  t h e  t r a i t  v a l u e s  w e r e  r a n d o m l y  p e r m u t e d  a m o n g  t h e  
p r o g e n y ,  d e s t r o y i n g  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  t r a i t  v a l u e s  a n d  t h e  g e n o t y p e  o f  
t h e  m a r k e r  l o c u s  i n  t h e  o b s e r v e d  d a t a .   A  n e w  t e s t  s t a t i s t i c  w a s  e s t i m a t e d  o n  t h e  
p e r m u t e d  d a t a  s e t  a n d  t h e  t e s t  s t a t i s t i c  o b t a i n e d  i n  e a c h  p e r m u t a t i o n  w a s  
r e c o r d e d .   T h i s  p r o c e d u r e  w a s  r e p e a t e d  n u m e r o u s  t i m e s  o n  s e v e r a l  s u c h  
r a n d o m l y  p e r m u t e d  d a t a  s e t s ,  g i v i n g  a  d i s t r i b u t i o n  o f  p e r m u t e d  t e s t  s t a t i s t i c  
v a l u e s  e x p e c t e d  i f  t h e r e  w a s  n o  l i n k a g e  b e t w e e n  t h e  m a r k e r  a n d  t h e  t r a i t .   
V a l u e s  a t  a p p r o p r i a t e  p e r c e n t i l e  p o i n t s  o f  t h e  e m p i r i c a l  d i s t r i b u t i o n  c a n  b e  u s e d  
a s  t e s t  s t a t i s t i c  t h r e s h o l d  v a l u e s  t o  e s t a b l i s h  s i g n i f i c a n c e  o f  t h e  o b s e r v e d  T
0
.   W e  
t e s t e d  a t  t h e  t w o - s i d e d  s i g n i f i c a n c e  l e v e l  a = 0 . 0 5 .   T h u s  t h e  2 . 5  a n d  9 7 . 5  
p e r c e n t i l e  v a l u e  a r e  t h e  e m p i r i c a l  t h r e s h o l d s  f o r  s i g n i f i c a n c e .   S i n c e  i t  i s  
c o m p u t a t i o n a l l y  i m p o s s i b l e  t o  p e r f o r m  a l l  p e r m u t a t i o n s  i n  o r d e r  t o  o b t a i n  t h e  
e x a c t  n u l l  d i s t r i b u t i o n  o f  t h e  t e s t  s t a t i s t i c ,  w e  u s e d  t h e  a p p r o a c h  a s  p r e s e n t e d  b y  
N e t t l e t o n  a n d  D o e r g e  ( 2 0 0 0 )  a n d  c o n s t r u c t  9 5 %  c o n f i d e n c e  i n t e r v a l s  ( C I )  f o r  t h e  
2 . 5  a n d  9 7 . 5  p e r c e n t i l e  v a l u e s .   B a s e d  o n  a  s a m p l e  o f  8 0 0  p e r m u t a t i o n s ,  m a r k e r s  
h a v i n g  a  T
0
 s t a t i s t i c  >  9 7 . 5  p e r c e n t i l e  o r  <  2 . 5  p e r c e n t i l e  a n d  s i t u a t e d  o u t s i d e  t h e  
C I  o f  t h e  c r i t i c a l  t h r e s h o l d  v a l u e s ,  d i s p l a y  a  s i g n i f i c a n t  l i n k a g e  w i t h  c r o w n  r u s t  
r e s i s t a n c e  o r  s u s c e p t i b i l i t y .   T h e s e  m a r k e r s  w e r e  r e t a i n e d  f o r  f u r t h e r  a n a l y s i s .  
S i m p l e  l i n e a r  r e g r e s s i o n  w a s  u s e d  t o  c a l c u l a t e  t h e  c o e f f i c i e n t  o f  
d e t e r m i n a t i o n ,  R
2
.   F o r  e a c h  s e l e c t e d  m a r k e r ,  t h i s  c o e f f i c i e n t  p r o v i d e s  a  m e a s u r e  
o f  t h e  p r o p o r t i o n  o f  t h e  t o t a l  v a r i a n c e  e x p l a i n e d  b y  e a c h  c a n d i d a t e  m a r k e r  o r  
p r o v i d e s  a  d e s c r i p t i o n  o f  t h e  m a g n i t u d e  o f  t h e  m a r k e r - l i n k e d  p h e n o t y p i c  e f f e c t .   
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Multiple linear regression, including in the model all the markers identified as 
linked to crown rust resistance, was used to calculate partial R2, to confirm 
which loci may be tagging the same genomic region, and the total R2, to 
measure the total proportion of phenotypic variation explained by those loci 
(William et al., 1997).  Regression analyses were performed using the package 
SPSS (Norusis, 2000). 
Finally, recombination frequencies between candidate markers were 
calculated using the linkage software Joinmap version 3.0 (van Oijen and 
Voorrips, 2001). 
 
3.4 Results and discussion 
3.4.1 Phenotypic data 
To identify QTLs for disease resistance much attention should be paid to the 
accurate phenotyping of the plant material used.  Consistent disease pressure is 
critical for accurate assessment of the resistance potential of plant genotypes and 
for determination of the magnitude of the genetic factors that contribute to 
resistance (Bai et al., 1999).  This is especially important for crown rust, since 
environment is one of the major determining factors for initiation and 
development of crown rust infection.  Phenotyping of the three populations 
studied here was discussed in Chapter 2.  In this study, favourable temperature 
and moisture conditions were provided in greenhouses under controlled 
conditions to minimize environmental effects on crown rust initiation and 
development.  A high degree of consistency, as shown in Chapter 2,  makes the 
scoring method suitable for generating the phenotypic data for QTL analysis. 
 
3.4.2 Bulk segregant analysis 
The AFLP marker technique was used in the BSA analysis, as it is a rapid 
technique, generating in an efficient way a high number of markers with the use 
of small amounts of DNA.  In this study, more than 60 AFLP fragments were 
amplified per primer combination (PC).  Each PC that amplified a clear band 
profile, revealed polymorphisms between the two parents.  These results indicate 
that the AFLP is a suitable technique for the purposes of our study. 
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T w o  c o m b i n a t i o n s  o f  r e s t r i c t i o n  e n z y m e s  w e r e  t e s t e d  ( H i n d I I I - M s e I  a n d  
E c o R I - M s e I ) .   P e r  r e s t r i c t i o n  e n z y m e  c o m b i n a t i o n ,  t w o  p r e a m p l i f i c a t i o n s  w e r e  
p e r f o r m e d ,  u s i n g  d i f f e r e n t  s e l e c t i v e  n u c l e o t i d e s .   A  s u m m a r y  o f  p r i m e r  
c o m b i n a t i o n s  ( P C )  t e s t e d  i n  t h e  d i f f e r e n t  p o p u l a t i o n s  i s  g i v e n  i n  T a b l e  3 . 2 .   
P a r e n t s  a n d  b u l k s  o f  t h e  L .  p e r e n n e ,  L .  x  b o u c h e a n u m  a n d  L .  m u l t i f l o r u m  
p o p u l a t i o n s  w e r e  s c r e e n e d  u s i n g  i n  t o t a l  1 8 7 ,  9 4  a n d  2 2 4  P C  r e s p e c t i v e l y  ( t h i r d  
c o l u m n  i n  T a b l e  3 . 2 ) .   
 
T a b l e  3 . 2  :  N u m b e r  o f  p r i m e r  c o m b i n a t i o n s  ( P C )  t e s t e d  i n  t h e  3  p o p u l a t i o n s  d u r i n g  B S A .   
N u m b e r  o f  s e l e c t e d  m a r k e r s  p u t a t i v e l y  l i n k e d  t o  c r o w n  r u s t  r e s i s t a n c e  ( R )  o r  s u s c e p t i b i l i t y  ( S )  
i s  g i v e n .  
a )  L o l i u m  p e r e n n e  T C 1 * S B 2  
N r .  o f  s e l e c t e d  m a r k e r s  R e s t r i c t i o n  e n z y m e  
c o m b i n a t i o n  
P r e a m p l i f i c a t i o n  N r .  o f  P C  
t e s t e d  R - l i n k e d  S - l i n k e d  t o t a l  
N r .  o f  s e l e c t e d  
m a r k e r s / P C   
E c o R I - M s e I  E c o R I + A - M s e I + C  4 3  4 2  2 3  6 5  1 . 5 1  
 E c o R I + A - M s e I + G  4 4  2 6  1 9  4 5  1 . 0 2  
H i n d I I I – M s e I  H i n d I I I + T - M s e I + C  4 8  7 4  3 7  1 1 1  2 . 3 1  
 H i n d I I I + T - M s e I + G  5 2  3 5  1 1  4 6  0 . 8 8  
T o t a l   1 8 7  1 7 7  9 0  2 6 7  1 . 4 3  
b )  L o l i u m  x  b o u c h e a n u m  2 A 2 * 1 B 1 2  
N r .  o f  s e l e c t e d  m a r k e r s  R e s t r i c t i o n  e n z y m e  
c o m b i n a t i o n  
P r e a m p l i f i c a t i o n  N r .  o f  P C  
t e s t e d  R - l i n k e d  S - l i n k e d  t o t a l  
N r .  o f  s e l e c t e d  
m a r k e r s / P C   
E c o R I - M s e I  E c o R I + A - M s e I + C  2 4  2 7  5  3 2  1 . 3 3  
 E c o R I + A - M s e I + G  2 4  3 4  2 0  5 4  2 . 2 5  
H i n d I I I – M s e I  H i n d I I I + T - M s e I + C   2 2  2 5  5 1  7 6  3 . 4 5  
 H i n d I I I + T - M s e I + G  2 4  3 1  6  3 7  1 . 5 4  
T o t a l   9 4  1 1 7  8 2  1 9 9  2 . 1 2  
c )  L o l i u m  m u l t i f l o r u m  A x i s - 3 * b - 9 0  
N r .  o f  s e l e c t e d  m a r k e r s  R e s t r i c t i o n  e n z y m e  
c o m b i n a t i o n  
P r e a m p l i f i c a t i o n  N r .  o f  P C  
t e s t e d  R - l i n k e d  S - l i n k e d  t o t a l  
N r .  o f  s e l e c t e d  
m a r k e r s / P C   
E c o R I - M s e I  E c o R I + A - M s e I + C  5 8  1 0 7  8 8  1 9 5  3 . 3 6  
 E c o R I + A - M s e I + G  6 4  5 1  7 6  1 2 7  1 . 9 8  
H i n d I I I – M s e I  H i n d I I I + T - M s e I + C   4 9  1 4 3  1 1 3  2 5 6  5 . 2 2  
 H i n d I I I + T - M s e I + G  5 3  1 2 1  8 2  2 0 3  3 . 8 3  
T o t a l   2 2 4  4 2 2  3 5 9  7 8 1  3 . 4 9  
 
A s  a n  a v e r a g e  o v e r  t h e  t h r e e  p o p u l a t i o n s ,  3 5  A F L P  f r a g m e n t s / P C  w e r e  
p o l y m o r p h i c  b e t w e e n  t h e  p a r e n t s .   T h i s  h i g h  a m o u n t  o f  p o l y m o r p h i s m s  c a n  b e  
e x p l a i n e d  b y  t h e  h e t e r o z y g o s i t y  a n d  h e t e r o g e n e i t y  o f  t h e  p a r e n t  p l a n t s .   T h i s  
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means, e.g for the L. perenne population that 187 PC, generating 35 
polymorphic markers/PC, screen 6545 polymorphic markers (187 PC * 35 
markers/PC). 
Markers linked with resistance or susceptibility were selected (Fig. 3.2).  An 
overview of the marker selection procedure in the BSA analysis is given in 
Table 3.3.  The main difference between selection in the L. multiflorum  and the 
other two populations is that in the L. perenne and L. x boucheanum population, 
markers had to be present in two different R bulks while in the L. multiflorum 

















Fig. 3.2 : AFLP PC 42 (E-ACG-M-CTA) generating markers putatively linked with resistance 
or susceptibility in the L. multiflorum population.  Four fingerprints are compared: a) the 
resistant parent Axis3, b) the susceptible parent b-90, c) the resistant bulk and d) the 
susceptible bulk.  Retained fragments are given three labels : first the fragment size (bp), 
second the peak height and third the peak modulation.  A fragment of 91 bp is putatively 
linked with resistance as it is present only in fingerprints a and c.  Three fragments of 191 bp, 
286 bp and 313 bp are putatively linked with susceptibility as they are present only in 























C h a p t e r  3  
5 2  
T a b l e  3 . 3  :  M a r k e r  s e l e c t i o n  p r o c e d u r e  u s e d  i n  t h e  B S A  a n a l y s i s .   ( ‘ + ’ :  A F L P  
f r a g m e n t  p r e s e n t ;  ‘ - ‘ :  A F L P  f r a g m e n t  a b s e n t ;  ‘ / ’ :  n o t  a p p l i c a b l e . )  
P o p u l a t i o n  L i n k a g e  P r e s e n c e  o f  A F L P - m a r k e r   
  R  p a r e n t  S  p a r e n t  R
1
 b u l k  R
2
 b u l k  S  b u l k  
R  +  -  +  +  -  L .  p e r e n n e  
 
S  -  +  -  -  +  
R  +  -  +  +  -  L .  x  b o u c h e a n u m  
S  -  +  -  -  +  
R  +  -  +  /  -  L .  m u l t i f l o r u m  
S  -  +  -  /  +  
 
I n  F i g .  3 . 3 ,  t h e  f r e q u e n c y  d i s t r i b u t i o n  o f  t h e  n u m b e r  o f  i n f o r m a t i v e  m a r k e r s  
s e l e c t e d  p e r  P C  i s  r e p r e s e n t e d  f o r  e a c h  p o p u l a t i o n .   T h e  s t r a t e g y  i n  t h e  L .  
m u l t i f l o r u m  p o p u l a t i o n  w a s  l e s s  s t r i n g e n t  a n d  r e s u l t e d  i n  t h e  d e t e c t i o n  o f  m o r e  
c a n d i d a t e  m a r k e r s  ( i n c l u d i n g  a  h i g h  p e r c e n t a g e  o f  f a l s e  p o s i t i v e s )  i n  c o m p a r i s o n  
t o  t h e  o t h e r  t w o  p o p u l a t i o n s .   T h e  a v e r a g e  n u m b e r  o f  m a r k e r s  s e l e c t e d  i n  t h e  L .  
p e r e n n e  ( 1 . 4  m a r k e r s / P C )  a n d  L .  x  b o u c h e a n u m  p o p u l a t i o n s  ( 2 . 1  m a r k e r s / P C )  
w a s  l o w e r  t h a n  i n  t h e  L .  m u l t i f l o r u m  p o p u l a t i o n  ( 3 . 5  m a r k e r s / P C ) .   I n d e e d ,  b y  
u s i n g  t w o  b u l k s ,  a  m o r e  s t r i n g e n t  c r i t e r i o n  i s  a p p l i e d  f o r  t h e  s e l e c t i o n  o f  
m a r k e r s .   T h i s  c o n t r o l s  f o r  f a l s e  p o s i t i v e s .   H o w e v e r  G r a t t a p a g l i a  e t  a l .  ( 1 9 9 6 )  
r e p o r t e d  a  r e d u c t i o n  o f  d e t e c t i o n  p o w e r ,  w h e n  u s i n g  m o r e  b u l k s .  
T h e  e f f i c i e n c y  o f  a  B S A  t o  i d e n t i f y  p u t a t i v e l y  l i n k e d  m a r k e r s  c a n  b e  
m e a s u r e d  b y  t h e  f r e q u e n c y  a t  w h i c h  m a r k e r s ,  p o l y m o r p h i c  i n  t h e  p a r e n t  p l a n t s ,  
s h o w  d i f f e r e n c e s  b e t w e e n  b u l k s .   U n d e r  o u r  c o n d i t i o n s ,  w e  s c r e e n e d  i n  t h e  L .  
p e r e n n e ,  L .  x  b o u c h e a n u m  a n d  L .  m u l t i f l o r u m  p o p u l a t i o n ,  r e s p e c t i v e l y  6 5 4 5 ,  
3 2 9 0  a n d  7 8 4 0  m a r k e r s  t h a t  w e r e  p o l y m o r p h i c  b e t w e e n  t h e  p a r e n t s .   I f  w e  
c o n s i d e r  t h a t  1 )  A F L P  m a r k e r s  a r e  d i s t r i b u t e d  u n i f o r m l y  t h r o u g h o u t  t h e  
g e n o m e ,  2 )  t h e  l e n g t h  o f  t h e  L o l i u m  g e n o m e  i s  1 1 9 0  c M  ( N a y l o r ,  1 9 6 0 ;  
H a y w a r d  e t  a l . ,  1 9 9 8 )  a n d  3 )  w e  a r e  l o o k i n g  f o r  a  m a r k e r  w i t h i n  a  w i n d o w  o f  
1 0 %  r e c o m b i n a t i o n  e i t h e r  s i d e  o f  t h e  t a r g e t  l o c u s ,  w e  e x p e c t  1 . 9 %  o f  t h e  
p o l y m o r p h i c  l o c i  t o  f a l l  w i t h i n  a  w i n d o w  o f  2 0  c M  a r o u n d  t h e  t a r g e t  l o c u s ,  a n d  
t o  b e  l i n k e d  t o  t h e  t a r g e t  g e n e .   T h e  o b s e r v e d  p e r c e n t a g e s  f o r  t h e  L .  p e r e n n e ,  L .  
x  b o u c h e a n u m  a n d  L .  m u l t i f l o r u m  p o p u l a t i o n  w e r e  9 . 9 6 % ,  4 . 0 7 %  a n d  6 . 0 4 %  
r e s p e c t i v e l y .   S e v e r a l  f a c t o r s  c a n  c o n t r i b u t e  t o  t h e s e  h i g h e r  p e r c e n t a g e s  t h a n  
t h e o r e t i c a l l y  e x p e c t e d .   A  f i r s t  r e a s o n  c a n  b e  t h e  h i g h  l e v e l  o f  h e t e r o z y g o s i t y  
a n d  h e t e r o g e n e i t y  i n  t h e  p a r e n t  p l a n t s .   I n  t h i s  s p e c i f i c  k i n d  o f  c r o s s  t h e  c h a n c e  
o f  d e t e c t i n g  f a l s e  p o s i t i v e s  i s  2  x  1 0
- 3
.   T h i s  i s  h i g h e r  t h a n  i n  a  B S A  a n a l y s i s  o n  
a  F
2
 p o p u l a t i o n  g e n e r a t e d  f r o m  t w o  h o m o z y g o u s  p a r e n t  p l a n t s .   S e c o n d l y ,  t h e  
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number of markers does not always reflect the number of loci analysed.  This is 
especially the case when dominant markers are used.  As AFLP is a dominant 
marker system, different AFLP markers may be derived from the same locus.  
Finally, these higher levels of polymorphism can be due to the fact that more 
than one locus is segregating for resistance in the populations, as demonstrated 
in the previous chapter.  In the L. multiflorum population, one more reason has 
contributed to the higher percentage of markers selected.  This is the fact that 





























Fig. 3.3 : Frequency distribution of number of selected markers/PC in the three 
studied populations.  
 
3.4.3 Analysis of selected markers on bulk individuals and all 
individuals. 
In a second screening, the most promising polymorphisms observed in the 
parents and bulks were confirmed by testing their behaviour in all the 
individuals used to construct the bulks.  For each preamplification series 
(EcoRI+A/MseI+C, EcoRI+A/MseI+G, HindIII+T/MseI+C and 
C h a p t e r  3  
5 4  
H i n d I I I + T / M s e I + G ) ,  a t  l e a s t  3  P C  w e r e  t e s t e d .   P e r  p o p u l a t i o n ,  a  m i n i m u m  o f  
1 8  P C  w e r e  t e s t e d  o n  t h e  b u l k  i n d i v i d u a l s .  
T h e  r e s u l t s  o f  t h e  t e s t i n g  o f  P C  o n  a l l  b u l k  i n d i v i d u a l s  a r e  s u m m a r i z e d  i n  
T a b l e  3 . 4 .   A  R - l i n k e d  m a r k e r  w a s  r e t a i n e d  w h e n  i t  w a s  p r e s e n t  i n  l e s s  t h a n  4 0 %  
o f  t h e  S  b u l k  i n d i v i d u a l s  a n d  p r e s e n t  i n  m o r e  t h a n  6 0 %  o f  t h e  R  b u l k  
i n d i v i d u a l s .   T h e  r e v e r s e  w a s  u s e d  f o r  S  m a r k e r s .   I n  t o t a l ,  4 0 ,  4 9  a n d  1 2 5  
m a r k e r s  w e r e  t e s t e d  i n  t h e  L .  p e r e n n e ,  L .  x  b o u c h e a n u m  a n d  L .  m u l t i f l o r u m  
p o p u l a t i o n s  r e s p e c t i v e l y  a n d  2 0 ,  3 2  a n d  7  m a r k e r s  w e r e  r e t a i n e d  i n  t h e  L .  
p e r e n n e ,  L .  x  b o u c h e a n u m  a n d  L .  m u l t i f l o r u m  p o p u l a t i o n s  r e s p e c t i v e l y .   T h e s e  
r e s u l t s  c o n f i r m  o u r  s u s p i c i o n  t h a t  m o s t  o f  t h e  m a r k e r s  i n i t i a l l y  s e l e c t e d  b y  t h e  
B S A  a n a l y s i s  ( s e e  a b o v e )  w e r e  f a l s e  p o s i t i v e s .   O u t  o f  t h e s e ,  4 ,  4  a n d  2  P C  
a m p l i f y i n g  i n  t o t a l  6 ,  8 ,  a n d  3  p u t a t i v e l y  R - l i n k e d  m a r k e r s  i n  t h e  L .  p e r e n n e ,  L .  x  
b o u c h e a n u m  a n d  L .  m u l t i f l o r u m  c r o s s  r e s p e c t i v e l y  w e r e  c h o s e n  t o  b e  t e s t e d  o n  
a l l  F
1
 i n d i v i d u a l s  ( l a s t  c o l u m n  o f  T a b l e  3 . 4 ) .  
 
T a b l e  3 . 4  :  S e c o n d  r o u n d  o f  m a r k e r  s e l e c t i o n  b y  t e s t i n g  o n  a l l  b u l k  i n d i v i d u a l s .   R  
m a r k e r s  w e r e  r e t a i n e d  i f  p r e s e n c e  i n  t h e  R  b u l k  w a s  h i g h e r  t h a n  6 0 %  a n d  l o w e r  t h a n  
4 0 %  i n  t h e  S  b u l k  a n d  v i c e  v e r s a  f o r  a  S  m a r k e r .   A  s u b s a m p l e  o f  t h e  r e t a i n e d  m a r k e r  
w a s  s e l e c t e d  t o  b e  t e s t e d  o n  t h e  w h o l e  F
1
 p o p u l a t i o n .  
P o p u l a t i o n  M a r k e r  
t y p e  
#  m a r k e r s  
t e s t e d  
#  l i n k e d  
m a r k e r s  
m a r k e r s  t e s t e d  o n  t h e  w h o l e  
p o p u l a t i o n  
L .  p e r e n n e  R  3 4  1 8  P C 0 0 8 - R 2  
P C 0 2 6 - R 2 ,  P C 0 2 6 - R 3 ,  
P C 0 2 6 - R 4  
P C 1 0 6 - R 2  
P C 1 6 8 - R 1  
 S  6  2  -  
L .  x  b o u c h e a n u m  R  4 5  3 1  P C 0 0 8 - R 2 ,  P C 0 0 8 - R 3  
P C 0 7 8 - R 2 ,  P C 0 7 8 - R 3  
P C 1 5 7 - R 1 ,  P C 1 5 7 - R 2  
P C 4 0 0 - R 2 ,  P C 4 0 0 - R 3  
 S  4  1  -  
L .  m u l t i f l o r u m  R  9 5  5  P C 0 6 5 - R 1 ,  P C 0 6 5 - R 2  
P C 1 7 5 - R 2  
 S  3 0  2  -  
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3.4.4 Linkage of markers with genetic factors determining crown 
rust resistance 
As the BSA data are non-parametric (marker data is 1/0 and crown rust score 
data is categorical from 1 till 6), permutation tests, as described in materials and 
methods, were used to test for significant linkages between the markers and 
crown rust score.  An example of a permuted test statistic distribution obtained 
after 800 permutations is given in Fig. 3.4.  In this case, the linkage between 
crown rust resistance and marker PC106-R2 in the L. perenne population was 
tested for.  The T0 test statistic for this marker is –8.861, and falls outside the 
95% CI of the 2.5 percentile of the permuted test statistic distribution.  This 
indicates a significant (P=0.05) and positive linkage with crown rust resistance. 
 











Fig. 3.4 : Statistical analysis of linkage between marker PC106-R2 and mean 
crown rust score in the L. perenne population.  The null distribution of the 
permuted test statistics (800 permutations) is represented.  The boundaries of 
the 95% CI of the 2.5 percentile and the 97.5 percentile (critical threshold 
values) are indicated.  The T0 test statistic of PC106-R2 is –8.861 and is more 
extreme than the CI of the 2.5 percentile of the distribution.  This means that 
there is a positive and significant (P<0.05) linkage between the marker and the 
mean crown rust score in the L. perenne population. 
95 % CI of the 
2.5 percentile 
95 % CI of the 
97.5 percentile 
C h a p t e r  3  
5 6  
I n  T a b l e  3 . 5 ,  t h e  o r i g i n a l  T
0
 t e s t  s t a t i s t i c s  a r e  g i v e n  f o r  a l l  t e s t e d  m a r k e r s ,  a s  
w e l l  a s  t h e  9 5 %  c o n f i d e n c e  i n t e r v a l s  o f  t h e  c r i t i c a l  t h r e s h o l d  v a l u e s  ( 2 . 5  
p e r c e n t i l e  v a l u e  a n d  9 7 . 5  p e r c e n t i l e  v a l u e ) .   L i n k a g e  w a s  c o n s i d e r e d  t o  b e  
s i g n i f i c a n t  o n l y  w h e n  i n  a l l  c a s e s  ( u s i n g  t h e  s c o r e  o f  i n d i v i d u a l  i n o c u l a t i o n  
r o u n d s  a n d  t h e  a v e r a g e  s c o r e )  s i g n i f i c a n t  l i n k a g e  w a s  f o u n d .  
 
T a b l e  3 . 5  :  S t a t i s t i c a l  a n a l y s i s  o f  t h e  l i n k a g e  b e t w e e n  t e s t e d  m a r k e r s  a n d  c r o w n  r u s t  
s c o r e s  ( s c o r e s  o f  t h e  t h r e e  i n o c u l a t i o n  r o u n d s  a n d  t h e  a v e r a g e  s c o r e ) .   O r i g i n a l  t e s t  
s t a t i s t i c  v a l u e s  ( T
0
)  o f  a l l  s e l e c t e d  m a r k e r s  a r e  g i v e n .   T h e  u p p e r  a n d  l o w e r  
b o u n d a r i e s  o f  t h e  9 5  %  C I  o f  t h e  2 . 5  a n d  t h e  9 7 . 5  p e r c e n t i l e  v a l u e  o f  t h e  n u l l  
d i s t r i b u t i o n  o f  t h e  p e r m u t e d  t e s t  s t a t i s t i c s  o b t a i n e d  a f t e r  8 0 0  p e r m u t a t i o n s  a r e  
r e p r e s e n t e d .  
a )  L .  p e r e n n e  T C 1 * S B 2  
B o u n d a r i e s  o f  9 5 %  C I  
o f  t h e  2 . 5  p e r c e n t i l e  
B o u n d a r i e s  o f  9 5 %  C I  
o f  t h e  9 7 . 5  p e r c e n t i l e  
M a r k e r  I n o c u l a t i o n  
r o u n d  
T
0
v a l u e  
L o w e r  U p p e r  L o w e r  U p p e r  
P C 0 0 8 - R 2  1  - 4 . 0 7 2
* *
 - 2 . 2 3 3  - 1 . 8 2 4  1 . 9 1 6  2 . 1 8 8  
 2  - 2 . 6 8 4
* *
 - 2 . 1 1 2  - 1 . 8 3 0  1 . 9 1 5  2 . 1 9 8  
 3  - 3 . 7 9 9
* *
 - 2 . 2 1 5  - 1 . 7 7 8  1 . 7 6 5  1 . 9 8 3  
 A v e r a g e  - 3 . 7 2 6
* *
 - 2 . 2 2 0  - 1 . 8 2 1  1 . 6 9 4  1 . 9 5 8  
P C 0 2 6 - R 2  1  - 3 . 2 4 3
* *
 - 2 . 5 4 1  - 1 . 8 5 4  1 . 9 0 1  2 . 3 1 2  
 2  - 2 . 0 7 8  - 2 . 5 0 7  - 1 . 9 3 6  1 . 9 6 5  2 . 2 5 0  
 3  - 3 . 3 5 7
* *
 - 2 . 3 4 2  - 1 . 9 0 1  1 . 9 8 4  2 . 3 1 5  
 A v e r a g e  - 3 . 4 5 8
* *
 - 2 . 4 9 6  - 1 . 9 5 9  1 . 9 6 8  2 . 3 7 0  
P C 0 2 6 - R 3  1  - 3 . 9 2 0
* *
 - 2 . 2 1 5  - 1 . 9 4 0  1 . 6 9 5  2 . 1 0 6  
 2  - 3 . 2 1 1
* *
 - 2 . 1 9 3  - 1 . 7 6 6  1 . 7 2 7  2 . 1 5 3  
 3  - 3 . 7 2 8
* *
 - 2 . 2 4 7  - 1 . 8 0 5  1 . 7 6 7  2 . 0 9 8  
 A v e r a g e  - 3 . 6 7 3
* *
 - 2 . 1 5 7  - 1 . 8 8 9  1 . 7 8 8  2 . 0 5 5  
P C 0 2 6 - R 4  1  - 3 . 3 8 7
* *
 - 2 . 1 2 6  - 1 . 8 5 2  1 . 7 7 4  2 . 0 4 8  
 2  - 2 . 0 7 9
* *
 - 2 . 0 7 8  - 1 . 7 9 5  1 . 8 3 1  2 . 2 5 8  
 3  - 3 . 0 6 7
* *
 - 2 . 1 7 0  - 1 . 8 4 0  1 . 7 2 4  2 . 0 5 4  
 A v e r a g e  - 2 . 7 3 7
* *
 - 2 . 0 6 2  - 1 . 9 2 9  1 . 6 0 8  2 . 0 0 7  
P C 1 0 6 - R 2  1  - 7 . 4 1 1
* *
 - 2 . 2 8 8  - 1 . 8 7 6  1 . 7 4 6  2 . 1 5 6  
 2  - 6 . 2 8 8
* *
 - 2 . 0 9 3  - 1 . 8 0 9  1 . 9 5 5  2 . 3 8 2  
 3  - 7 . 8 7 2
* *
 - 2 . 1 8 7  - 1 . 8 5 7  1 . 8 1 3  2 . 1 4 2  
 A v e r a g e  - 8 . 8 6 1
* *
 - 2 . 0 8 2  - 1 . 8 1 6  1 . 8 5 0  2 . 2 5 1  
P C 1 6 8 - R 1  1  - 7 . 4 1 3
* *
 - 2 . 4 5 2  - 1 . 9 0 6  1 . 8 3 1  2 . 1 0 3  
 2  - 6 . 6 0 9
* *
 - 2 . 3 6 2  - 1 . 9 3 6  1 . 9 4 6  2 . 2 2 9  
 3  - 7 . 2 2 3
* *
 - 2 . 0 6 5  - 1 . 8 4 7  1 . 9 1 1  2 . 2 3 9  
 A v e r a g e  - 7 . 9 8 1
* *
 - 2 . 1 7 4  - 1 . 9 0 9  1 . 8 6 8  2 . 4 0 0  
* *
 =  V a l u e  o u t s i d e  t h e  2 . 5  a n d  9 7 . 5  p e r c e n t i l e s  w h e n  t e s t i n g  f o r  a  2 - s i d e d  a s s o c i a t i o n  
a t  t h e  á = 5 %  s i g n i f i c a n c e  l e v e l  
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Table 3.5 continued 
b) L. x boucheanum 2A2*1B12 
Boundaries of 95% CI 
of the 2.5 percentile 
Boundaries of 95% CI 




Lower Upper Lower Upper 
PC008-R2 1 -3.395** -2.245 -2.031 1.934 2.145 
 2 -2.795** -2.103 -1.881 1.848 2.292 
 3 -3.434** -2.208 -1.833 1.847 2.223 
 Average -3.569** -2.208 -2.000 1.873 2.289 
PC008-R3 1 -3.413** -2.482 -2.051 1.695 2.113 
 2 -3.205** -2.482 -2.031 1.689 2.126 
 3 -3.982** -2.287 -1.910 1.944 2.322 
 Average -3.816** -2.208 -2.000 1.861 2.276 
PC078-R2 1 -1.183 -2.082 -1.851 1.827 2.057 
 2 -0.483 -2.347 -1.858 1.534 1.770 
 3 -0.470 -2.237 -1.826 1.622 1.823 
 Average -0.858 -2.167 -1.718 1.656 1.878 
PC078-R3 1 -1.618 -2.270 -1.832 1.838 2.277 
 2 -1.409 -2.080 -1.852 1.780 2.237 
 3 -2.308** -2.111 -1.727 1.701 2.084 
 Average -1.844 -2.057 -1.845 1.741 2.166 
PC157-R1 1 -0.877 -2.315 -1.888 1.878 2.305 
 2 -0.917 -2.205 -1.981 1.759 2.202 
 3 -1.327 -2.445 -1.873 1.819 2.195 
 Average -1.266 -2.283 -1.866 1.813 2.228 
PC157-R2 1 -3.232** -2.315 -1.888 1.878 2.305 
 2 -2.668** -2.205 -1.762 1.759 2.202 
 3 -3.487** -2.060 -1.873 1.819 2.195 
 Average -3.415** -2.073 -1.866 1.813 2.228 
PC400-R2 1 -3.786** -2.361 -1.934 1.821 2.245 
 2 -3.510** -2.292 -1.847 1.881 2.102 
 3 -4.399** -2.223 -1.847 1.833 2.019 
 Average -4.188** -2.289 -1.873 1.795 2.208 
PC400-R3 1 -1.158 -2.419 -1.984 1.818 2.246 
 2 -2.027 -2.486 -2.027 1.748 2.194 
 3 -2.737** -2.536 -1.954 1.772 2.150 
 Average -1.902 -2.542 -1.903 1.811 2.445 
** = Value outside the 2.5 and 97.5 percentiles when testing for a 2-sided association at 
the á=5% significance level 
 
C h a p t e r  3  
5 8  
T a b l e  3 . 5  c o n t i n u e d  
c )  L .  m u l t i f l o r u m  A x i s - 3 * b - 9 0  
B o u n d a r i e s  o f  9 5 %  C I  
o f  t h e  2 . 5  p e r c e n t i l e  
B o u n d a r i e s  o f  9 5 %  C I  
o f  t h e  9 7 . 5  p e r c e n t i l e  
M a r k e r  I n o c u l a t i o n  
R o u n d  
T
0
v a l u e  
L o w e r  U p p e r  L o w e r  U p p e r  
P C 0 6 5 - R 1  1  - 1 . 5 3 3  - 2 . 1 9 6  - 1 . 7 5 3  1 . 7 0 6  2 . 0 3 7  
 2  - 0 . 1 4 4  - 2 . 0 5 7  - 1 . 6 8 7  1 . 7 5 9  2 . 2 2 4  
 3  - 1 . 3 5 2  - 2 . 3 1 1  - 1 . 8 2 8  1 . 8 4 3  2 . 4 2 3  
 a v e r a g e  - 1 . 4 4 1  - 2 . 1 7 9  - 1 . 8 6 1  1 . 8 6 5  2 . 2 9 0  
P C 0 6 5 - R 2  1  - 0 . 8 7 6  - 2 . 3 0 6  - 1 . 8 6 0  1 . 9 4 3  2 . 5 0 4  
 2  - 0 . 1 1 1  - 2 . 5 0 0  - 1 . 8 4 3  1 . 8 9 4  2 . 3 6 2  
 3   0 . 3 1 9  - 2 . 1 4 0  - 1 . 8 5 0  1 . 8 3 4  2 . 4 1 7  
 a v e r a g e  - 0 . 2 1 5  - 2 . 1 9 9  - 1 . 8 8 0  1 . 8 6 0  2 . 2 8 6  
P C 1 7 5 - R 2  1  - 0 . 8 5 8  - 2 . 0 4 7  - 1 . 8 2 8  1 . 8 1 2  2 . 2 5 1  
 2  - 0 . 4 1 8  - 2 . 3 2 2  - 1 . 8 6 0  1 . 8 2 3  2 . 2 8 4  
 3  - 1 . 8 1 4  - 2 . 1 0 0  - 1 . 8 1 4  1 . 9 1 2  2 . 2 9 5  
 a v e r a g e  - 1 . 3 6 6  - 2 . 0 9 5  - 1 . 7 8 1  1 . 8 0 1  2 . 2 2 0  
* *
 =  V a l u e  o u t s i d e  t h e  2 . 5  a n d  9 7 . 5  p e r c e n t i l e s  w h e n  t e s t i n g  f o r  a  2 - s i d e d  
a s s o c i a t i o n  a t  t h e  á = 5 %  s i g n i f i c a n c e  l e v e l  
 
I n  t h e  L .  p e r e n n e  p o p u l a t i o n ,  a l l  t e s t e d  m a r k e r s  s h o w e d  l i n k a g e  w i t h  c r o w n  
r u s t  r e s i s t a n c e  f o r  a l l  t h r e e  i n d i v i d u a l  c r o w n  r u s t  s c o r e s  a n d  f o r  t h e  a v e r a g e  
s c o r e ,  e x c e p t  m a r k e r  P C 0 2 6 - R 2 .   T h i s  m a r k e r  d i d  n o t  s h o w  s i g n i f i c a n t  l i n k a g e  
w i t h  t h e  s c o r e  o f  i n o c u l a t i o n  r o u n d  2 .   F o u r  o f  t h e  e i g h t  s e l e c t e d  m a r k e r s  i n  t h e  
L .  x  b o u c h e a n u m  p o p u l a t i o n  d i s p l a y e d  s i g n i f i c a n t  l i n k a g e s  w i t h  c r o w n  r u s t  
r e s i s t a n c e  ( P C 0 0 8 - R 2 ,  P C 0 0 8 - R 3 ,  P C 1 5 7 - R 2  a n d  P C 4 0 0 - R 2 ) .   F o r  t h e  o t h e r  
f o u r  m a r k e r s  s o m e  s i g n i f i c a n t  v a l u e s  w e r e  o b t a i n e d ,  b u t  w e r e  n o t  c o n s i s t e n t  
o v e r  t h e  d i f f e r e n t  r o u n d s  o f  i n o c u l a t i o n .   F i n a l l y ,  i n  t h e  L .  m u l t i f l o r u m  
p o p u l a t i o n  n o  s i g n i f i c a n t  l i n k a g e  w a s  d e t e c t e d  b e t w e e n  c r o w n  r u s t  r e s i s t a n c e  
a n d  t h e  t h r e e  m a r k e r s  s e l e c t e d  i n  t h e  p r e v i o u s  r o u n d  ( P C 0 6 5 - R 1 ,  P C 0 6 5 - R 2  a n d  
P C 1 7 5 - R 1 ) .  
T o  e s t i m a t e  t h e  p r o p o r t i o n  o f  v a r i a n c e  e x p l a i n e d  b y  e a c h  m a r k e r ,  a  l i n e a r  
r e g r e s s i o n  m o d e l  w a s  f i t t e d  t o  t h e  d a t a  ( T a b l e  3 . 6 ) .   T h e  c o e f f i c i e n t  o f  
d e t e r m i n a t i o n  R ²  w a s  u s e d  a s  a  m e a s u r e  o f  t h e  m a g n i t u d e  o f  t h e  m a r k e r - l i n k e d  
p h e n o t y p i c  e f f e c t  ( C h a g u é  e t  a l . ,  1 9 9 7 ;  W i l l i a m  e t  a l . ,  1 9 9 7 ;  B a i  e t  a l . ,  1 9 9 9 ) .   I n  
t h e  L .  p e r e n n e   p o p u l a t i o n ,  t w o  R
2
 v a l u e s  o f  m o r e  t h a n  2 0 %  w e r e  f o u n d  
( P C 1 0 6 - R 2  2 5 . 1 %  a n d  P C 1 6 8 - R 1  2 1 . 3 % ) .   F o r  t h e  L .  x  b o u c h e a n u m  p o p u l a t i o n ,  
R
2
 v a l u e s  v a r i e d  f r o m  0 %  ( P C 1 5 7 - R 1  a n d  P C 0 7 8 - R 2 )  t i l l  2 0 %  ( P C 0 0 8 - R 3 ) ,  
1 7 %  P C 0 0 8 - R 3  a n d  1 5 %  ( P C 0 0 8 - R 2 ) .   T h e  m a r k e r s  s e l e c t e d  i n  t h e  L .  
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multiflorum population had a very low R2.  This was expected as the 
permutation-based linkage test already indicated a low linkage between the 
markers and crown rust resistance.   
 
Table 3.6 : Simple linear regression of selected markers tested on all 
individuals of the respective population. 
a) L. perenne TC1*SB2 
Simple linear regression Marker 
R R2 Adjusted R2 Std Error of the estimate 
PC008-R1** 0.239 0.057 0.053 0.987 
PC026-R2 0.222 0.049 0.045 0.991 
PC026-R3** 0.235 0.055 0.051 0.998 
PC026-R4** 0.178 0.032 0.027 1.001 
PC106-R2** 0.504 0.235 0.251 0.878 
PC168-R1** 0.466 0.217 0.213 0.900 
All markers 0.606 0.367 0.350 0.818 
** = T0 test statistic outside the 2.5 and 97.5 percentiles when testing for a 
2-sided association at the á=5% significance level (see Table 3.5) 
b) L. x boucheanum 2A2*1B12 
Simple linear regression Marker 
R R2 Adjusted R2 Std Error of the estimate 
PC008-R2** 0.410 0.168 0.155 1.206 
PC008-R3** 0.433 0.188 0.175 1.192 
PC078-R2 0.108 0.012 -0.004 1.315 
PC078-R3 0.226 0.051 0.036 1.288 
PC157-R1 0.158 0.025 0.009 1.306 
PC157-R2** 0.395 0.156 0.134 1.215 
PC400-R2** 0.467 0.218 0.205 1.170 
PC400-R3 0.233 0.054 0.039 1.286 
All markers 0.511 0.261 0.156 1.206 
** = T0 test statistic outside the 2.5 and 97.5 percentiles when testing for a 
2-sided association at the á=5% significance level (see Table 3.5) 
c) L. multiflorum Axis-3*b-90 
Simple linear regression Marker 
R R2 Adjusted R2 Std Error of the estimate 
PC065-R1 0.107 0.011 0.006 1.450 
PC065-R2 0.016 0.000 -0.005 1.468 
PC175-R1 0.101 0.010 0.005 1.450 
All markers 0.123 0.015 -0.001 1.455 
** = T0 test statistic outside the 2.5 and 97.5 percentiles when testing for a 
2-sided association at the á=5% significance level (see Table 3.5) 
C h a p t e r  3  
6 0  
T h e  t o t a l  p e r c e n t a g e  o f  t h e  p h e n o t y p i c  v a r i a n c e  e x p l a i n e d  b y  t h e  s e l e c t e d  
l o c i  i s  s t i l l  r a t h e r  l o w  c o m p a r e d  t o  t h e  s t u d y  o f  K o v e r  a n d  C a c e i d o  ( 2 0 0 1 ) .   T h e y  
f o u n d  a f t e r  s u m m a r i z i n g  d i f f e r e n t  r e s i s t a n c e  Q T L  s t u d i e s  t h a t  o n  a v e r a g e  5 1 %  
o f  t h e  p h e n o t y p i c  v a r i a n c e  w a s  e x p l a i n e d  b y  Q T L s .   S e v e r a l  e x p l a n a t i o n s  c a n  b e  
p r o p o s e d  f o r  t h e  l o w  p h e n o t y p i c  v a r i a n c e  e x p l a i n e d  i n  t h e  p r e s e n t  s t u d y .   
F i r s t l y ,  t h e  d i s t a n c e  b e t w e e n  t h e  m a r k e r s  a n d  t h e  Q T L  l o c u s  m a y  s t i l l  b e  l a r g e ,  
a n d  t h u s  t h e  Q T L  e f f e c t  c a n  b e  u n d e r e s t i m a t e d .   S e c o n d l y ,  d e t e c t i o n  o f  o n l y  o n e  
o f  s e v e r a l  p u t a t i v e  Q T L s  i n v o l v e d  i n  t h i s  r e s i s t a n c e  m a y  a l s o  b e  d u e  t o  o u r  u s e  
o f  s t a r t i n g  m a t e r i a l  o r  a s  w e  o n l y  p h e n o t y p e d  i n  o n e  e n v i r o n m e n t ,  t h e  
e n v i r o n m e n t  m a s k s  t h e  e f f e c t  o f  u n i d e n t i f i e d  l o c i .   T h i s  c o n s i s t s  o f  t h e  m o s t  
c o n t r a s t i n g  i n d i v i d u a l s  i n  t h e  p o p u l a t i o n .   W h e n  a  p h e n o t y p e  i s  i n f l u e n c e d  b y  
m u l t i p l e  g e n e t i c  l o c i  a n d  e n v i r o n m e n t ,  i n d i v i d u a l s  c a n  e x h i b i t  e x t r e m e  
p h e n o t y p e s  d u e  t o  d i f f e r e n t  s e t s  o f  Q T L s  o r  d u e  t o  n o n - g e n e t i c  f a c t o r s .   
H o w e v e r  t h i r d l y ,  s e v e r a l  Q T L s  o f  l e s s e r  e f f e c t  b u t  a c c o u n t i n g  t o g e t h e r  f o r  a  
n o n - n e g l i g i b l e  p a r t  o f  t h e  g e n e t i c  v a r i a t i o n  o f  t h e  r e s i s t a n c e  t r a i t  h a v e  p r o b a b l y  
e s c a p e d  d e t e c t i o n .   T h e  u n d e t e c t e d  Q T L s  i n  t h e  c u r r e n t  s t u d y  m a y  r e s u l t  f r o m  
t h e  l i m i t a t i o n  o f  t h e  B S A  s t r a t e g y .   T h i s  t e c h n i q u e  m a y  d i r e c t l y  t a r g e t  t h e  
r e s i s t a n c e  Q T L  w i t h  m a j o r  e f f e c t s ,  b u t  n o t  t h o s e  w i t h  m i n o r  e f f e c t s .   A  Q T L  
a n a l y s i s  b a s e d  o n  a  g e n e t i c  m a p  c a n  h e l p  t o  i d e n t i f y  t h o s e  o t h e r  g e n o m i c  r e g i o n s  
i n v o l v e d  i n  r e s i s t a n c e .  
 
3 . 4 . 5  L i n k a g e  a n a l y s i s  o f  R  l i n k e d  m a r k e r s  
I n  t h e  L .  p e r e n n e  p o p u l a t i o n ,  m u l t i p l e  l i n e a r  r e g r e s s i o n  i n c l u d i n g  a l l   s i x  
m a r k e r s  r e s u l t e d  i n  a  R
2  
o f  3 5 %  ( T a b l e  3 . 6 ) .   I n  t h e  L .  x  b o u c h e a n u m  p o p u l a t i o n ,  
a  s i m i l a r  r e s u l t  w a s  s e e n :  m u l t i p l e  l i n e a r  r e g r e s s i o n  i n c l u d i n g  e i g h t  m a r k e r s  
r e s u l t e d  i n  a  R
2  
o f  1 5 . 6 %  ( T a b l e  3 . 6 ) .   T h i s  i n d i c a t e s  t h a t  i n  b o t h  p o p u l a t i o n s  t h e  
c o m b i n a t i o n  o f  l o c i  r e s u l t s  i n  a  s m a l l  i n c r e a s e  o f  t h e  p r o p o r t i o n  o f  p h e n o t y p i c  
v a r i a n c e  e x p l a i n e d  o r  i n  n o  i n c r e a s e  a t  a l l .   T h i s  i s  e x p e c t e d  w h e n  s o m e  m a r k e r s  
a r e  d e t e c t i n g  t h e  s a m e  l o c i .   T h e r e f o r e ,  t h e  r e c o m b i n a t i o n  f r e q u e n c i e s  b e t w e e n  
t h e  s e l e c t e d  m a r k e r s  w e r e  c a l c u l a t e d .  
L i n k a g e  a n a l y s i s  i n  t h e  L .  p e r e n n e  p o p u l a t i o n  r e v e a l e d  t h a t  s o m e  o f  t h e  
t e s t e d  m a r k e r s  w e r e  l i n k e d  ( T a b l e  3 . 7 ) .   T w o  c l u s t e r s  w e r e  i d e n t i f i e d :  P C 0 2 6 - R 3  
a n d  P C 0 2 6 - R 4  a r e  t i g h t l y  l i n k e d  ( 6 . 0 3  c M  m a p  d i s t a n c e ) ,  a n d  P C 1 0 6 - R 2  a n d  
P C 1 6 8 - R 2  a r e  t i g h t l y  l i n k e d  ( 9 . 0 5  c M ) .   T h i s  e x p l a i n s  t h e  r e s u l t  o b t a i n e d  w i t h  
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the multiple regression analysis in which only a slightly higher R2 value was 
seen compared to the different individual R2 values. 
In the L. x boucheanum population, the four significant markers are loosely 
linked to each other.  PC157-R2-PC008-R2 (1.45 cM) and PC008-R2-PC400-
R2 (5.8 cM) are tightly linked, and both couples of markers are also linked to 
each other (10-12 cM apart).  Most of the other markers are also linked to the 
four significant markers.  In fact, the markers detect all the same region involved 
in resistance.  This explains that the R2 obtained by multiple linear regression is 
of the same order as the R2 obtained for each of the markers when tested 
individually. 
 
Table 3.7 : Recombination percentages between the selected markers in the L. 
perenne and L. x boucheanum population.   
a) L. perenne TC1*SB2 
 PC008-R1 PC026-R2 PC026-R3 PC026-R4 PC106-R2 
PC026-R2 45.69 - - - - 
PC026-R3 22.41 42.24 - - - 
PC026-R4 28.45 43.10     6.03* - - 
PC106-R2 48.71 17.67 46.98 45.26 - 
PC168-R1 46.55 21.55 46.55 47.04 9.05* 
* = recombination percentage is less than 10% 





































PC008-R3 15.94 - - - - - - 
PC078-R2 33.33 37.68 - - - - - 
PC078-R3 15.94 28.99 31.88 - - - - 
PC157-R1 13.04 26.09 34.78 17.39 - - - 
PC157-R2     1.45* 17.39 34.78 14.49 11.59 - - 
PC400-R2 10.14     5.80* 34.78 23.19 23.19 11.59 - 
PC400-R3 21.74 28.99 43.48 28.99 26.09 20.29 23.19 
* = recombination percentage is less than 10% 
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3 . 4 . 6  E v a l u a t i o n  o f  s i g n i f i c a n t  m a r k e r s  f o r  M A S  
T h e  p o s s i b i l i t y  t o  u s e  t h e  s e l e c t e d  m a r k e r s  f o r  M A S  w a s  e x p l o r e d  b y  
d i v i d i n g  a  s e g r e g a t i n g  p o p u l a t i o n  i n t o  s u b p o p u l a t i o n s  b a s e d  o n  t h e  
p r e s e n c e / a b s e n c e  o f  a  s p e c i f i c  m a r k e r .   D i f f e r e n c e s  i n  m e a n  c r o w n  r u s t  s c o r e  
a n d  t h e  f r e q u e n c y  d i s t r i b u t i o n  o f  c r o w n  r u s t  s c o r e  w e r e  c o m p a r e d  b e t w e e n  
s u b p o p u l a t i o n s  ( F i g .  3 . 5  a n d  T a b l e  3 . 8 ) .   F o r  e x a m p l e  i f  t h e  p r e s e n c e / a b s e n c e  o f  
P C 1 0 6 - R 2  w a s  u s e d  a s  a  c r i t e r i o n  t o  s u b d i v i d e  t h e  L .  p e r e n n e  p o p u l a t i o n ,  a  s h i f t  
i n  f r e q u e n c y  d i s t r i b u t i o n  a n d  m e a n  c r o w n  r u s t  s c o r e  w a s  o b s e r v e d .   A n  
i m p r o v e m e n t  o f  0 . 4 8  u n i t s  ( c r o w n  r u s t  s c o r e )  w a s  a c h i e v e d  w i t h  r e s p e c t  t o  t h e  
a v e r a g e  s c o r e  o f  t h e  c o m p l e t e  p o p u l a t i o n  ( 1 . 8 6 ) .   W i t h i n  t h e  s u b p o p u l a t i o n  o f  
p l a n t s  t h a t  d i s p l a y  t h i s  m a r k e r ,  7 1 %  h a v e  a  c r o w n  r u s t  s c o r e  o f  1  m e a n i n g  t h a t  
t h e y  d i d  n o t  d i s p l a y  a n y  c r o w n  r u s t  s y m p t o m .   O n l y  7 %  o f  t h e  p l a n t s  w i t h  t h i s  
m a r k e r  h a d  c r o w n  r u s t  s c o r e s  o f  3 ,  4  o r  5 ,  w h i l e  t h e  r e s t  o f  t h e  i n d i v i d u a l s  
d i s p l a y e d  a n  i n t e r m e d i a t e  p h e n o t y p e  ( s c o r e  2 ) .   F o r  m a r k e r  P C 1 6 8 - R 1  a l s o  7 1 %  
o f  t h e  p l a n t s  t h a t  d i s p l a y e d  t h e  m a r k e r  w e r e  h i g h l y  r e s i s t a n t  ( s c o r e  1 ) .   I n  t h i s  
c a s e ,  t h e  p r o p o r t i o n  o f  p l a n t s  w i t h  t h e  m a r k e r  t h a t  w e r e  s u s c e p t i b l e  ( s c o r e  3 ,  4  o r  
5 )  w a s  5 % .  
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s c o r e  5
s c o r e  4
s c o r e  3
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F i g .  3 . 5  :  E v a l u a t i o n  o f  s e l e c t e d  m a r k e r s  f o r  u s e  i n  M A S  :  F
1
 p o p u l a t i o n s  a r e  d i v i d e d  
a c c o r d i n g  t o  t h e  p r e s e n c e ( + )  a b s e n c e  ( - )  o f  t h e  m a r k e r .   A v e r a g e  c r o w n  r u s t  s c o r e  d i s t r i b u t i o n  
i s  g i v e n  f o r  t h e  t w o  s u b p o p u l a t i o n s .   R u s t  s c o r e  v a r i e s  f r o m  1 = r e s i s t a n t  t i l l  6 = s u s c e p t i b l e .  
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In the L. x boucheanum population, identical analyses were performed.  For 
example, in the subpopulation in which marker PC157-R2 was used : a gain of 
0.54 units in crown rust resistance is made compared to the mean crown rust 
score of the whole population.  In this subpopulation, no plants were susceptible, 
while in the subpopulation without the marker, 25% of the plants were 
susceptible. 
 
Table 3.8 : Characteristics of subpopulations made on the basis of presence (M+) / 
absence (M-) of selected markers in a) the L. perenne and b) the L. x boucheanum 
population. (R = resistant, score 1; I = intermediate, score 2 till 3; S = susceptible, 
score 4 till 6) 
a) L. perenne population TC1*SB2 (population mean rust score = 1.86) 




R I S R I S 
PC008-R1* 1.58 2.07 54 37 9 41 31 28 
PC026-R2* 1.59 2.04 61 27 12 36 40 24 
PC026-R3* 1.63 2.11 52 36 12 40 31 29 
PC026-R4* 1.68 2.04 51 35 14 42 32 26 
PC106-R2* 1.38 2.41 71 22 7 17 50 33 
PC168-R1* 1.35 2.29 71 24 5 25 43 32 
* mean crown rust score of subpopulations are significantly different at the 0.05 level 
b) L. x boucheanum population 2A2*1B12 (population mean rust score = 1.64) 




R I S R I S 
PC008-R2* 1.10 2.17 93 7 0 54 20 26 
PC008-R3* 1.12 2.25 91 9 0 53 20 28 
PC157-R2* 1.10 2.14 93 7 0 56 19 25 
PC400-R2* 1.11 2.33 91 9 0 50 20 30 
* mean crown rust score of subpopulations are significantly different at the 0.05 level 
 
3.5 Conclusion 
The use of AFLP as a marker technique in combination with BSA was a 
good choice as a high number of markers putatively linked with the studied trait 
were revealed.  However, the number of identified putatively linked markers 
was higher than expected.  This was due to the high level of heterozygosity and 
heterogeneity present in the parent plants, resulting in more false positives than 
C h a p t e r  3  
6 4  
t h e o r e t i c a l l y  e x p e c t e d .   A  s e c o n d  r e a s o n  f o r  t h e  h i g h e r  n u m b e r  c a n  b e  t h e  u s e  o f  
d o m i n a n t  m a r k e r s .   S o m e  m a r k e r s  m i g h t  b e  d e r i v e d  f r o m  t h e  s a m e  l o c i .   T h e  
p e r c e n t a g e  o f  t e s t e d  m a r k e r s  w h i c h  w e r e  r e t a i n e d  i n  t h e  B S A  w a s  l o w e r  i n  t h e  
L .  p e r e n n e  a n d  L .  x  b o u c h e a n u m  p o p u l a t i o n  t h a n  i n  t h e  L .  m u l t i f l o r u m  
p o p u l a t i o n .   T h e  r e a s o n  w a s  t h e  h i g h e r  s t r i n g e n c y  a p p l i e d  i n  t h e s e  t w o  
p o p u l a t i o n s ,  i n  w h i c h  t w o  d i f f e r e n t  R  b u l k s  w e r e  u s e d  i n s t e a d  o f  o n e  R  b u l k  i n  
t h e  L .  m u l t i f l o r u m   p o p u l a t i o n .  
A f t e r  s c r e e n i n g  t h e  m a r k e r s  o n  a l l  F
1
 i n d i v i d u a l s ,  s i x ,  e i g h t  a n d  t h r e e  m a r k e r s  
w e r e  r e t a i n e d  i n  t h e  L .  p e r e n n e ,  L .  x  b o u c h e a n u m  a n d  L .  m u l t i f l o r u m  p o p u l a t i o n  
r e s p e c t i v e l y .  
I n  t h e  L .  p e r e n n e  p o p u l a t i o n  f i v e  o u t  o f  s i x  s e l e c t e d  m a r k e r s  w e r e  c l e a r l y  
l i n k e d  w i t h  c r o w n  r u s t  r e s i s t a n c e ,  t h e  s i x t h  o n e  b e i n g  l e s s  c l e a r l y  l i n k e d .   A l l  s i x  
s e l e c t e d  m a r k e r s  t o g e t h e r  e x p l a i n e d  3 5 %  o f  t h e  p h e n o t y p i c  v a r i a n c e  i n  t h e  L .  
p e r e n n e  p o p u l a t i o n .   T w o  m a r k e r s  d e t e c t  a  g e n e t i c  f a c t o r  e x p l a i n i n g  m o r e  t h a n  
2 0 %  o f  t h e  p h e n o t y p i c  v a r i a n c e .   T h e  m a r k e r s  s e l e c t e d  w e r e  l o c a t e d  a t  t w o  
g e n o m i c  r e g i o n s .   T h i s  i s  i n  a g r e e m e n t  w i t h  t h e  h y p o t h e s i s  p o s t u l a t e d  i n  C h a p t e r  
2  t h a t  t w o  u n l i n k e d  l o c i  c a n  e x p l a i n  t h e  s e g r e g a t i o n  f o u n d  ( T a b l e  2 . 5  –  C h a p t e r  
2 ) .  
I n  t h e  L .  x  b o u c h e a n u m  p o p u l a t i o n ,  f o u r  m a r k e r s  s h o w e d  s i g n i f i c a n t  l i n k a g e  
w i t h  c r o w n  r u s t  r e s i s t a n c e .   A l l  f o u r  m a r k e r s  e x p l a i n e d  1 5 %  o f  t h e  p h e n o t y p i c  
v a r i a n c e .   L i n k a g e  a n a l y s i s  r e v e a l e d  t h a t  t h e  f o u r  s e l e c t e d  m a r k e r s  w e r e  c l o s e l y  
l i n k e d  a n d  t h a t  t h e y  d e t e c t  t h e  s a m e  l o c u s  i n v o l v e d  i n  c r o w n  r u s t  r e s i s t a n c e .   I n  
t h e  p r e v i o u s  c h a p t e r ,  w e  h y p o t h e s i z e d  t h e  p r e s e n c e  o f  t w o  m a j o r  l o c i  i n v o l v e d  
i n  r e s i s t a n c e  ( T a b l e  2 . 5  –  C h a p t e r  2 ) .   B S A  m i g h t  n o t  h a v e  d e t e c t e d  a l l  l o c i  
i n v o l v e d  i n  t h e  L .  x  b o u c h e a n u m  p o p u l a t i o n .  
I n  t h e  L .  m u l t i f l o r u m  p o p u l a t i o n ,  n o  s i g n i f i c a n t  l i n k a g e s  w e r e  f o u n d  b e t w e e n  
t h e  s e l e c t e d  m a r k e r s  a n d  c r o w n  r u s t  r e s i s t a n c e .   T h e s e  r e s u l t s  a r e  i n  l i n e  w i t h  t h e  
c o n c l u s i o n  d r a w n  f o r  t h i s  p o p u l a t i o n  i n  C h a p t e r  2 ,  t h a t  r e s i s t a n c e  i s  e n c o d e d  b y  
m i n o r  g e n e s ,  w h i c h  a r e  n o t  e a s i l y  d e t e c t e d  b y  B S A .  
T h e  v a l u e  o f  t h e  s e l e c t e d  m a r k e r s  f o r  M A S  w a s  f u r t h e r  d e m o n s t r a t e d .   A  
s h i f t  t o w a r d s  a  m o r e  r e s i s t a n t  p o p u l a t i o n  w a s  s e e n  i f  e . g .  p r e s e n c e  o f  m a r k e r  
P C 1 0 6 - R 2  w a s  u s e d  a s  s e l e c t i o n  c r i t e r i o n  i n  t h e  L .  p e r e n n e  p o p u l a t i o n .   T h e  
i m p r o v e m e n t  o f  t h e  p o p u l a t i o n  a c h i e v e d  i s  s u f f i c i e n t  f o r  b r e e d i n g  p u r p o s e s ,  a n d  
o f f e r s  a s  a d v a n t a g e  t h a t  t h e  s e l e c t i o n  i s  c a r r i e d  o u t  a l r e a d y  a t  t h e  s e e d l i n g  s t a g e .   
H o w e v e r ,  b e f o r e  t h e  s e l e c t e d  m a r k e r s  c a n  b e  u s e d  o n  a  b r e e d i n g  p o o l  w i t h  a  
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broad genetic basis, the strength of the linkage needs to be evaluated.  As Lolium 
species are very heterozygous plants, associations between one marker allele 
and the trait might hold true in one population, but not in another.  Linkage 
Disequilibrium (LD) between marker allele and trait might vary among crosses 
due to several reasons including the coancestry between the parents of the 
crosses and difference in the frequency of recombination events due to structural 
features of the genome.  Therefore, the behaviour of the selected markers need 
to be evaluated in breeding gene pools and the positive associations between 
marker-alleles/traits need to be confirmed before a reliable MAS procedure can 
be applied. Another important condition that has to be fulfilled before applying 
the marker in breeding is its transformation into a co-dominant high throughput 
marker. 
A direct MAS application is to use these markers to select plants with 
specific allele combinations (homozygous - heterozygous).  The effect of the 
allele combinations on crown rust resistance can be studied and specific 
genotypes can be introduced into a breeding pool as donors of crown rust 
resistance in a similar way as in introgression programs of other traits. 
The set of markers, identified in this chapter, explain an amount of 
phenotypic variance : 35% in the L. perenne population and 15%, in the L. x 
boucheanum population.  In the L. multiflorum population, we were not able to 
identify markers with significant effect on crown rust resistance.  There are 
different reasons for the low percentages obtained, like, that the environment 
masks the genetic effect of the identified loci or the markers are still a large 
distance away from the resistance locus or some loci may not be detected as 
BSA only detects loci with a major effect (> 2*SD), …  In the next chapters, the 
construction of a genetic map for each of the populations will be discussed.  
This map will be used to further dissect the resistance trait and to verify if more 
loci than those detected in the BSA or involved in crown rust resistance in these 
studied populations.  This will be done by a QTL analysis using map 
information.   
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Chapter 4 
Screening of co-dominant marker systems 
for mapping in Lolium 
4.1 Introduction 
Different marker techniques are available for molecular and genetic linkage 
map construction.  Restriction fragment length polymorphisms (RFLPs) were the 
first DNA markers used for linkage studies.  Later on, PCR-based marker 
techniques were developed.  They are well adapted to efficient non-radioactive 
DNA fingerprinting.  These include among others random amplified 
polymorphic DNA (RAPD), AFLP, Sequence tagged sites (STS), cleaved 
amplified polymorphic sites (CAPS) and simple sequence repeats (SSRs).  In 
Table 4.1, an overview is given of the advantages and disadvantages of the 
different techniques.  In this chapter, the different marker techniques are 
discussed and evaluated for their use in Lolium mapping studies. 
 
Table 4.1 : Advantages and disadvantages of available molecular marker techniques (adapted 
from Forster et al., 2001). 
Molecular marker system Advantage Disadvantage 
RFLP Co-dominant 
High reproducibility 
Low multiplex ratio 
High time/labor requirements 
Big amounts of DNA required 
RAPD Low time/labor requirements 
Medium multiplex ratio 
Dominant 
Low reproducibility 
AFLP High reproducibility 





Low time/labor requirements 
High development costs 
Low multiplex ratio 
 
4.1.1 Amplified Fragment Length Polymorphisms (AFLPs) 
In the previous chapter, AFLP was used to identify DNA-markers linked with 
crown rust resistance in Lolium spp. and was particularly useful for BSA as it 
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g e n e r a t e s  a  h i g h  n u m b e r  o f  m a r k e r s  w i t h o u t  t h e  n e e d  o f  b i g  a m o u n t s  o f  D N A .   
A F L P  c a n  d e t e c t  s i n g l e  n u c l e o t i d e  c h a n g e s  a n d  a m p l i f i e s  i n  L o l i u m  s p p .  a r o u n d  
9 5  D N A - f r a g m e n t s  i n  a  s i n g l e  e x p e r i m e n t ,  i n  t h e  a b s e n c e  o f  p r i o r  s e q u e n c e  
k n o w l e d g e  ( R o l d á n - R u i z  e t  a l . ,  2 0 0 0 ) .   I n  m a p p i n g  s t u d i e s ,  A F L P  i s  c o m m o n l y  
u s e d  t o  g e n e r a t e  i n  a n  e f f i c i e n t  w a y  a  d e n s e  b a c k b o n e  o f  m a r k e r s  o n  w h i c h  o t h e r  
m a r k e r s  ( m o s t l y  c o - d o m i n a n t )  a r e  p l a c e d .   
T h e r e  i s  o n e  i m p o r t a n t  d i s a d v a n t a g e  o f  u s i n g  t h i s  t e c h n i q u e  f o r  m a p p i n g .   
A F L P s  h a v e  l o w  i n f o r m a t i o n  c o n t e n t  d u e  t o  t h e i r  d o m i n a n t  c h a r a c t e r .   T h i s  
p r e c l u d e s  t h e  d i s t i n c t i o n  b e t w e e n  h o m o z y g o u s l y  a n d  h e t e r o z y g o u s l y  i n h e r i t e d  
A F L P s .  
D u e  t o  t h e  n a t u r e  o f  t h e  m a p p i n g  p o p u l a t i o n s  u s e d  i n  t h i s  s t u d y  ( c r o s s e s  
d e r i v e d  f r o m  t w o  h i g h l y  h e t e r o z y g o u s  a n d  h e t e r o g e n e o u s  p l a n t s ) ,  c o - d o m i n a n t  
m a r k e r s  w e r e  r e q u i r e d  f o r  r e l i a b l e  m a p  c o n s t r u c t i o n .   F o r  m a p  i n t e g r a t i o n  o v e r  
t h e  t h r e e  c r o s s e s  ( T C 1 * S B 2 ,  2 A 2 * 1 B 1 2  a n d  A x i s - 3 * b - 9 0 )  a n d  f o r  m a p  
c o m p a r i s o n  w i t h  p u b l i s h e d  m a p s ,  a n c h o r  m a r k e r s ,  t r a n s f e r a b l e  b e t w e e n  d i f f e r e n t  
m a p p i n g  p o p u l a t i o n s  a r e  n e e d e d .   C o - d o m i n a n t  m a r k e r s ,  i n  w h i c h  b o t h  a l l e l e s  a t  
o n e  l o c u s  c a n  b e  d e t e c t e d ,  a r e  m o s t  s u i t a b l e  f o r  t h e s e  p u r p o s e s .   T h e  e v a l u a t i o n  
o f  d i f f e r e n t  t e c h n i q u e s  t o  g e n e r a t e  c o - d o m i n a n t  m a r k e r s  i n  t h e  L o l i u m  
p o p u l a t i o n s  s t u d i e d  w i l l  b e  d i s c u s s e d  b e l o w .  
 
4 . 1 . 2  R e s t r i c t i o n  F r a g m e n t  L e n g t h  P o l y m o r p h i s m s  ( R F L P s )  
A  f i r s t  c o - d o m i n a n t  m a r k e r  t e c h n i q u e ,  s u i t a b l e  f o r  c o m p a r a t i v e  g e n e t i c s ,  i s  
R F L P .   R F L P  m a r k e r s  h a v e  t h e  a b i l i t y  t o  d e t e c t  h o m o l o g o u s  D N A  s e q u e n c e s  i n  
g e n o m e s .   T h e y  g i v e  i n f o r m a t i o n  a b o u t  g e n e  f a m i l i e s  a n d  a b o u t  t h e  g e n o m i c  
d i s t r i b u t i o n  o f  g e n e s  ( K u m a r ,  1 9 9 9 ;  Y u  &  W i s e ,  2 0 0 0 ) .    
F i r s t l y ,  R F L P s ,  i f  d e r i v e d  f r o m  c D N A - s e q u e n c e s ,  p r o v i d e  i n f o r m a t i o n  a b o u t  
t h e  m a p  l o c a t i o n  o f  c e r t a i n  g e n e s .   T h i s  i s  u s e f u l  i n f o r m a t i o n  t h a t  c a n  b e  a s s i g n e d  
t o  Q T L s  c o i n c i d i n g  w i t h  t h e s e  R F L P s  o n  a  l i n k a g e  m a p .  
S e c o n d l y ,  R F L P s ,  d e v e l o p e d  i n  o n e  s p e c i e s ,  c a n  d e t e c t  h e t e r o l o g o u s  
s e q u e n c e s  i n  r e l a t e d  s p e c i e s ,  e l u c i d a t i n g  i n f o r m a t i o n  f o r  c o m p a r a t i v e  g e n e t i c s  
( Y u  a n d  W i s e ,  2 0 0 0 ) .   F o r  e x a m p l e ,  R F L P  p r o b e s  i s o l a t e d  f r o m  b a r l e y ,  r i c e ,  o a t ,  
m a i z e  a n d  o t h e r  P o a c e a e  h a v e  b e e n  u s e d  t o  s t u d y  t h e  s y n t e n y  b e t w e e n  
G r a m i n e a e  s p e c i e s  ( D e v o s  a n d  G a l e ,  1 9 9 7 ;  V a n  D e y n z e  e t  a l . ,  1 9 9 8 ;  D e v o s  a n d  
G a l e ,  2 0 0 0 ;  H a s h  e t  a l . ,  2 0 0 0 ) ,  r e s u l t i n g  i n  s t r o n g  e v i d e n c e  t h a t  t i l l  s o m e  d e g r e e ,  
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genome organization has been conserved during plant evolution.  Although other 
marker systems have been tested for their use in synteny studies, RFLP markers 
remain the system of reference (Davierwala et al. 2000). 
Despite these advantages, RFLPs are not practical for routine mapping or 
MAS.  In particular the large genome size of Lolium makes the generation of 
RFLP-markers labor intensive, technically demanding, requires substantial 
quantities of good quality genomic DNA and the use (in most cases) of 
radioactivity.  However, in order to align the Lolium maps produced in the 
present study to the other available Gramineae maps and to identify syntenic 
regions, a set of RFLP probes mapped in several Gramineae spp. was tested in 
the L. perenne population.  Especially loci located on the group 1 homologous 
chromosomes of the Gramineae were envisaged as this group is associated with 
a variety of disease resistance genes (Yu et al., 1996). 
 
4.1.3 Simple Sequence Repeats (SSRs) 
Another technique generating co-dominant DNA-markers is Simple Sequence 
Repeats (SSRs).  The SSR technique involves the use of specific primers to 
PCR-amplify genomic regions containing tandems of short sequence motifs (1-6 
nucleotides), or SSR loci.  Di-, tri-,  and tetra nucleotide repeats are the most 
common (Peakall et al., 1998; Holton, 2001; McCallum et al., 2001).  
Polymorphisms at SSR loci arise due to changes in the number of repeats, 
insertion of motifs and imperfect motifs, to variations in the adjoining non-
repetitive region or to interruption of perfect repeats (Davierwala et al., 2000). 
Several features make SSRs useful genetic tools: (i) they are widely dispersed 
throughout eukaryotic genomes, (ii) can be assayed on automatic DNA 
sequencers (making them relatively easy to score), (iii) they are co-dominant and 
multiallelic and (iv) they are highly polymorphic, robust, transferable and highly 
reproducible (Forster et al., 2001; Holton, 2001).  Powell et al. (1996) examined 
the utility of RFLP, RAPD, AFLP and SSR markers for soybean germplasm 
analysis by evaluating for each marker system the information content (expected 
heterozygosity), number of loci simultaneously analyzed per experiment 
(multiplex ratio) and effectiveness in assessing relationships between accessions.  
SSR markers had the highest expected heterozygosity (0.60) while AFLP markers 
had the highest effective multiplex ratio.  
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S S R ’ s  e a s e  o f  u s e  a n d  h i g h  i n f o r m a t i o n  c o n t e n t  h a s  e n s u r e d  t h a t  S S R s  h a v e  
l a r g e l y  r e p l a c e d  R F L P s  a s  m a p p i n g  t e c h n o l o g y .   T h e  c r e a t i o n  o f  s k e l e t a l  g e n e t i c  
m a p s  w i t h  S S R s  i s  b e c o m i n g  a n  a c h i e v a b l e  g o a l  i n  m o r e  s p e c i e s ,  w h e r e  S S R s  
c a n  p r o v i d e  a n c h o r  p o i n t s  f o r  s p e c i f i c  r e g i o n s  o f  t h e  g e n o m e .   G a p s  b e t w e e n  t h e  
S S R  m a r k e r s  m a y  b e  f i l l e d  i n  w i t h  o t h e r  m a r k e r s  s u c h  a s  A F L P s  ( H o l t o n ,  2 0 0 1 ) .   
H o w e v e r  a  d e n s e  S S R  m a p  i s  n o t  a c h i e v a b l e  f o r  m o s t  m i n o r  c r o p s  d u e  t o  t h e  
i n i t i a l  i s o l a t i o n  a n d  c h a r a c t e r i z a t i o n ,  w h i c h  c a n  b e  e x p e n s i v e  a n d  t i m e -
c o n s u m i n g .  
T h r e e  m a i n  r e p o r t s  o n  p u b l i c l y  a v a i l a b l e  S S R  m a r k e r s  i n  L o l i u m  a p p e a r e d  
d u r i n g  t h e  t i m e - s p a n  o f  t h i s  p r o j e c t .   K u b i k  e t  a l .  ( 1 9 9 9 & 2 0 0 1 )  i s o l a t e d  S S R  
s e q u e n c e s  i n  L .  p e r e n n e .   T h e y  s u g g e s t e d  t h a t  S S R s  m a y  b e  l e s s  a b u n d a n t  i n  
p e r e n n i a l  r y e g r a s s  t h a n  i n  s o m e  o t h e r  p l a n t  s p e c i e s .   F o r  e x a m p l e ,  o n e  S S R  
o c c u r s  e v e r y  1 0 4  a n d  1 5 0  k b  i n  w h e a t  a n d  r i c e  r e s p e c t i v e l y ,  w h i l e  i n  r y e g r a s s  
r o u g h l y  o n e  G A / G T  S S R  p e r  3 5 0  k b  i s  p r e s e n t .   J o n e s  e t  a l .  ( 2 0 0 1 )  i s o l a t e d  S S R  
s e q u e n c e s  f r o m  L .  p e r e n n e  a n d  p u b l i s h e d  p r i m e r  s e q u e n c e s  f o r  d e t e c t i o n  o f  t e n  
S S R  l o c i .   T h e  S S R  l o c i  c o n t a i n e d  m o s t l y  d i  o r  t r i - n u c l e o t i d e  r e p e a t s ,  p e r f e c t  o r  
i m p e r f e c t .   I n  a  s e c o n d  p u b l i c a t i o n ,  J o n e s  e t  a l .  ( 2 0 0 2 )  p r e s e n t e d  a  g e n e t i c  m a p  
o f  L o l i u m  i n c l u d i n g  9 2  S S R s ,  h o w e v e r  t h e s e  S S R s  a r e  n o t  f r e e l y  a v a i l a b l e .   T h i s  
s e t  i s  l i c e n s e d  t o  A d v a n t a  V a n  d e r  H a v e  ( R i l l a n d ,  T h e  N e t h e r l a n d s )  a n d  t h e y  
t e s t e d  t h e  s e t  o n  t h e  L .  p e r e n n e  p o p u l a t i o n .    
A l t h o u g h  a  f e w  S S R s  i n  L o l i u m  a r e  p u b l i s h e d ,  s e v e r a l  i n s t i t u t e s  a r e  p r e s e n t l y  
d e v e l o p i n g  S S R s  ( f . e .  I N R A ,  L u s i g n a n ,  F r a n c e ;  D I A S ,  S l a g e l s e ,  D e n m a r k ;  I G E R ,  
A b e r y s t w y t h ,  U K ) .   A t  t h e  D v P ,  a  s e t  o f  S S R s  w a s  d e v e l o p e d  o f  w h i c h  e l e v e n  
w e r e  t e s t e d  i n  t h i s  s t u d y  ( D e n d a u w  J . ,  p e r s o n a l  c o m m u n i c a t i o n ) .    
A  d i s a d v a n t a g e  o f  S S R s  i s  t h a t  p r i m e r s  d e s i g n e d  t o  a m p l i f y  a  S S R  l o c u s  a r e  
o f t e n  s p e c i e s - s p e c i f i c  a n d  c a n n o t  b e  u s e d  f o r  c o m p a r a t i v e  g e n e t i c s .   T h i s  i s  d u e  
t o  t h e  h i g h  v a r i a b i l i t y  i n  t h e  s e q u e n c e s  s u r r o u n d i n g  t h e  S S R  s i t e s  ( P e a k a l l  e t  a l . ,  
1 9 9 8 ) .   H o w e v e r ,  s o m e  p u b l i c a t i o n s  a r e  a v a i l a b l e  o n  s u c c e s s f u l  c r o s s -
a m p l i f i c a t i o n  o f  S S R s .   J o n e s  e t  a l .  ( 2 0 0 1 )  r e p o r t e d  h i g h  l e v e l s  o f  c r o s s -
a m p l i f i c a t i o n  o f  S S R  p r i m e r s  d e s i g n e d  i n  L .  p e r e n n e  i n  t h e  t w o  c l o s e l y  r e l a t e d  
r y e g r a s s  s p e c i e s  L .  r i g i d u m  ( 8 0 % )  a n d  L .  m u l t i f l o r u m  ( 7 1 % ) .   A m p l i f i c a t i o n  
l e v e l s  w e r e  s l i g h t l y  l o w e r  i n  F e s t u c a  s p e c i e s ,  K e n t u c k y  b l u e g r a s s ,  P h a l a r i s  a n d  
o a t s .   D a v i e r w a l a  e t  a l .  ( 2 0 0 0 )  s t u d i e d  t h e  c o n s e r v a t i o n  o f  o n e  S S R ,  i s o l a t e d  f r o m  
r i c e ,  i n  o t h e r  c e r e a l s  ( o a t ,  b a r l e y ,  m a i z e ,  p e a r l  m i l l e t ,  r y e  a n d  w h e a t ) .   I n  a l l  
s p e c i e s  s t u d i e d ,  t h e  S S R  w a s  c o n s e r v e d ,  p r o v i n g  t h a t  t h i s  S S R  w a s  u s e f u l  f o r  
c o m p a r a t i v e  g e n e t i c s .   O n  t h e  o t h e r  h a n d ,  P e a k a l l  e t  a l .  ( 1 9 9 8 )  t e s t e d  c r o s s -
Screening of co-dominant marker systems for mapping in Lolium 
  71 
amplification of SSRs isolated in Glycine max.  They had to use touch down 
PCR conditions to get 60% of amplification of the SSRs in other species 
belonging to the subgenus Glycine and just 3 to 13% of amplification in species 
outside the genus.  In an intent to enlarge the available set of SSRs for Lolium, 
we tested cross-amplification in Lolium of three SSRs isolated in wheat (Röder et 
al., 1995). 
 
4.1.4 Sequence Tagged Sites (STSs) 
A third frequently used co-dominant marker technique is based on the 
development of primers from characterized expressed sequences and targets loci 
with gene information.  Sequences of cDNAs from economically significant and 
model plant species are accumulating at a massive rate.  Markers derived from 
these databases resulted in a method called candidate gene approach, which is a 
promising approach to identify genes for monogenic characters and quantitative 
trait loci (QTL) in plants.  However, for minor crops with a complex genome, a 
major challenge is to use these growing numbers of expressed sequence tags 
(ESTs) as markers for genetic mapping (McCallum et al., 2001; Wang et al., 
2001). 
Earlier methods for mapping ESTs involved RFLP analysis using cDNA 
fragments as hybridization probes.  This approach has since been improved by 
more efficient PCR-based approaches.  EST-specific primers are used to amplify 
coding sequences.  As introns are less well conserved than exons, primer sets 
spanning introns have a higher probability for polymorphism detection 
(McCallum et al., 2001).  Polymorphisms in the PCR fragments can be detected 
as differences in length, restriction sites or conformation.  Conformational 
polymorphisms can be detected using hetero-duplex (HD) analysis or single-
strand conformational polymorphism (SSCP) analysis.  Both methods visualize 
the polymorphisms as an electrophoretic mobility shift in polyacrylamide gels.  
Whereas SSCP analysis is restricted to PCR products of 100-300 bp in length, the 
optimal size of PCR products for HD analysis ranges from 300 to 900 bp 
(Schneider et al., 1999). 
There are a number of advantages to the use of ESTs instead of ‘anonymous’ 
markers.  A first advantage of EST markers is that the resulting transcriptional 
map provides a preliminary description of the organization of expressed genes 
and insights about genome evolution (McCallum et al., 2001).  ESTs integrated 
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i n t o  a  l i n k a g e  m a p ,  c a n  b e  t e s t e d  f o r  t h e i r  a s s o c i a t i o n  w i t h  Q T L s .   I n  m a i z e ,  t h i s  
a p p r o a c h  h a s  b e e n  s u c c e s s f u l  i n  a s s e s s i n g  t h e  r o l e  o f  g e n e s  e n c o d i n g  k e y  
e n z y m e s  i n  c a r b o h y d r a t e  m e t a b o l i s m  d u r i n g  t h e  e a r l y  g r o w t h  o f  t h e  p l a n t  
( C a u s s e  e t  a l . ,  1 9 9 5 ) .  
S e c o n d l y ,  i n  c o n t r a s t  t o  A F L P  a n d  S S R  m a r k e r s ,  E S T  m a r k e r s  a r e  m o r e  l i k e l y  
t o  b e  c o n s e r v e d  a c r o s s  s p e c i e s  ( T a y l o r  e t  a l . ,  2 0 0 1 ) .   T h e  r e a s o n  f o r  t h i s  
a s s u m p t i o n  i s  t h a t  t h e  p r i m e r  b i n d i n g  s i t e s  a r e  d e s i g n e d  i n  c o d i n g  D N A ,  t h a t  
g e n e r a l l y  h a s  a  h i g h  d e g r e e  o f  s e q u e n c e  c o n s e r v a t i o n .   A s  s u c h ,  E S T  m a r k e r s  
w i l l  b e  e s p e c i a l l y  u s e f u l  f o r  a l i g n i n g  g e n o m e  l i n k a g e  m a p s  a n d  c o m p a r i n g  Q T L s .   
I f  i n f o r m a t i o n  i s  l a c k i n g  f o r  a  t a r g e t  s p e c i e s ,  E S T s  d e r i v e d  fr o m  o t h e r  s p e c i e s  
c a n  b e  u s e d  a s  t h e  b a s i s  f o r  g e n e t i c  m a p p i n g  i n  t h e  s p e c i e s  o f  i n t e r e s t .   G e n e t i c  
m a p p i n g  w i t h  E S T s  t h u s  e n a b l e s  a  m o r e  r a p i d  t r a n s f e r  o f  l i n k a g e  i n f o r m a t i o n  
b e t w e e n  r e l a t e d  s p e c i e s  ( C a t o  e t  a l . ,  2 0 0 1 ) .  
T o d a y ,  t w o  p u b l i c a t i o n s  o n  S T S  m a r k e r s  t a g g i n g  p o t e n t i a l l y  e x p r e s s e d  
s e q u e n c e s  i n  L o l i u m  a r e  a v a i l a b l e .   T a y l o r  e t  a l .  ( 2 0 0 1 )  a s s e s s e d  a  t o t a l  o f  2 1  
p r i m e r s  s e t s  d e v e l o p e d  i n  b a r l e y ,  T r i t i c u m  t a u c h i i  a n d  P h a l a r i s  c o e r u l e s c e n s  f o r  
t h e i r  a b i l i t y  t o  a m p l i f y  h o m o l o g o u s  s e q u e n c e s  i n  L .  p e r e n n e .   E l e v e n  p r i m e r  s e t s  
s u c c e s s f u l l y  a m p l i f i e d  h o m o l o g o u s  f r a g m e n t s .   O t h e r  p r i m e r  s e t s  a m p l i f i e d  
m u l t i p l e  p r o d u c t s ,  r e s u l t i n g  i n  a  p r o f i l e  c o m p a r a b l e  t o  a  R A P D  p r o f i l e  ( T a y l o r  e t  
a l . ,  2 0 0 1 ) .   A  s e c o n d  r e p o r t  o n  S T S  m a r k e r s  i n  L o l i u m  w a s  p u b l i s h e d  b y  
L a l l e m a n d  e t  a l .  ( 1 9 9 8 ) .   S T S  m a r k e r s  w e r e  b a s e d  o n  g e n e  s e q u e n c e s  o f  
G r a m i n e a e  s p e c i e s .   C o n s e n s u s  z o n e s  i d e n t i f i e d  b y  c o m p a r i n g  h o m o l o g o u s  
s e q u e n c e s  i n  d i f f e r e n t  G r a m i n e a e  s p e c i e s ,  w h i c h  f l a n k  i n t r o n s  w e r e  s e l e c t e d  f o r  
p r i m e r  d e s i g n .   T h i r t y  p r i m e r  s e t s  w e r e  t e s t e d ,  o f  w h i c h  s i x t e e n  g a v e  
p o l y m o r p h i c  p a t t e r n s  i n  L o l i u m  ( L a l l e m a n d  e t  a l . ,  1 9 9 8 ) .   T h e s e  s i x t e e n  p r i m e r  
s e t s  w e r e  t e s t e d  i n  t h i s  s t u d y ,  a s  t h e i r  a b i l i t y  t o  d e t e c t  p o l y m o r p h i s m s  i n  r y e g r a s s  
h a d  a l r e a d y  b e e n  d e m o n s t r a t e d  ( L a l l e m a n d  e t  a l . ,  1 9 9 8 ;  R o l d á n - R u i z  e t  a l . ,  2 0 0 1 ) .  
 
4 . 1 . 5  R e s i s t a n c e  G e n e  A n a l o g u e s  ( R G A s )  
A  s p e c i a l  c l a s s  o f  S T S  m a r k e r s  u s e d  i n  t h i s  s t u d y ,  w a s  b a s e d  o n  t h e  
k n o w l e d g e  a v a i l a b l e  o n  r e s i s t a n c e  g e n e s  ( R  g e n e s )  i n  p l a n t s .   R e s i s t a n c e  t o  m a n y  
d i s e a s e s ,  p a r t i c u l a r l y  t h o s e  c a u s e d  b y  b i o t r o p h i c  f u n g a l  p a t h o g e n s ,  i s  d e t e r m i n e d  
b y  i n d i v i d u a l  m e m b e r s  o f  f a m i l i e s  o f  d o m i n a n t  g e n e s .   R  g e n e  s p e c i f i c i t y  i s  o f t e n  
c o n f e r r e d  b y  a  g e n e - f o r - g e n e  i n t e r a c t i o n ;  f o r  e v e r y  r e s i s t a n c e  g e n e  t h e r e  i s  a  
c o r r e s p o n d i n g  g e n e  f o r  a v i r u l e n c e  i n  t h e  p a t h o g e n  ( F l o r ,  1 9 7 1 ) .  
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To date, genes conferring resistance to the major classes of plant pathogens 
(bacteria, virus, fungi, and nematodes) have been isolated from different plant 
species.  Many resistance genes appear to encode components of signal 
transduction pathways.  Among the cellular events that characterize resistance are 
oxidative burst, cell wall strengthening, induction of defense gene expression and 
rapid cell death at the site of infection.  The R gene protein products share 
common structural domains.  Based on these common molecular features, the R-
genes are classified into 7 classes (for a review see Hammond-Kosack and Jones, 
1997; Young, 2000).  One of the most common domains is the nucleotide 
binding site (NBS), of which the conserved motifs are situated within the NBS 
domain and in a hydrophobic domain downstream the NBS (f.e. in Arabidopsis 
RPS2 (Bent et al., 1994); tobacco N (Whitham et al., 1994); and flax L6 
(Lawrence et al. 1995)). 
By making use of conserved domains, various investigators have designed 
degenerate primers for amplifying similar regions from genomes of diverse plant 
species: e.g. rice (Mago et al., 1999), soybean (Kanazin et al., 1996; Yu et al., 
1996), barley (Leister et al., 1998), citrus (Deng et al., 2000), maize (Collin et al., 
1998), potato (Leister et al., 1996), Arabidopsis taliana (Aarts et al., 1998), and 
lettuce (Shen et al., 1998).  Genetic analyses have associated a number of these 
sequences to genetic loci known to confer resistance to viruses, bacteria, fungi, 
or nematodes (Kanazin et al., 1996; Leister et al., 1996; Yu et al., 1996; Aarts et al. 
1998; Shen et al. 1998; Mago et al., 1999; Pan et al., 2000). 
These studies demonstrate that PCR approaches using degenerate primers 
based on the conserved NBS domains of cloned R genes can provide an 
attractive strategy to amplify multiple candidate resistance gene sequences.  These 
sequences can be transformed into molecular markers.  We tested this strategy in 
the L. perenne population, using the primers developed by Yu et al. (1996) and 
Mago et al. (1999). 
 
4.2 Objectives and rationale 
In the previous chapter, AFLP markers putatively linked with crown rust 
resistance were identified, but explained just a small part of the phenotypic 
variance present in the populations.  In the L. multiflorum  population, we were 
unable to identify AFLP markers explaining a significant percentage of the 
phenotypic variance.  A QTL analysis performed on the basis of genetic maps, 
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c a n  e l u c i d a t e  t h e  g e n e t i c  o r g a n i z a t i o n  o f  g e n e s  i n f l u e n c i n g  c r o w n  r u s t  r e s i s t a n c e .   
F o r  m a p p i n g  s t u d i e s ,  m o r e  m a r k e r s  t h a n  t h o s e  g e n e r a t e d  d u r i n g  t h e  B S A  a n a l y s i s  
a r e  r e q u i r e d ,  e s p e c i a l l y  c o - d o m i n a n t  m a r k e r s  a r e  n e e d e d  a s  i n f o r m a t i o n  o n  
l i n k a g e  p h a s e  b e t w e e n  m a r k e r s  i s  n e e d e d  f o r  m a p  c o n s t r u c t i o n .   I n  t h i s  c h a p t e r ,  
d i f f e r e n t  a p p r o a c h e s  t o  g e n e r a t e  c o - d o m i n a n t  m a r k e r s  s u i t a b l e  f o r  m a p p i n g  
s t u d i e s  i n  L o l i u m  a r e  d i s c u s s e d  a n d  e v a l u a t e d .   T h e  e f f i c i e n c y ,  a d v a n t a g e s  a n d  
d i s a d v a n t a g e s  o f  a v a i l a b l e  m a r k e r  t e c h n i q u e s  s u c h  a s  A F L P ,  R F L P ,  S S R s  a n d  
S T S  m a r k e r s  i n  r y e g r a s s  m a p p i n g  w i l l  b e  h a n d l e d .    
 
4 . 3  M a t e r i a l  a n d  m e t h o d s  
4 . 3 . 1  P l a n t  m a t e r i a l  a n d  D N A  e x t r a c t i o n  
T h e  p l a n t  m a t e r i a l  d e s c r i b e d  i n  C h a p t e r  2  w a s  u s e d .   M a r k e r  t e c h n i q u e s  w e r e  
e v a l u a t e d  o n  a  s u b s e t  o f  p l a n t s ,  i n c l u d i n g  t h e  s i x  p a r e n t s  o f  t h e  t h r e e  s e l e c t e d  
p o p u l a t i o n s  ( T C 1 * S B 2 ,  2 A 2 * 1 B 1 2  a n d  A x i s - 3 * B - 9 0 )  a n d  a  v a r i a b l e  n u m b e r  o f  
F
1
 i n d i v i d u a l s  o f  t h e  3  c r o s s e s .   D N A  w a s  p r e p a r e d  a s  d e s c r i b e d  i n  C h a p t e r  3 .  
 
4 . 3 . 2  R F L P  a n a l y s i s  
T h e  s e t  o f  5 1  R F L P  p r o b e s  l i s t e d  i n  T a b l e  4 . 2  w a s  s c r e e n e d  i n  t h e  L .  p e r e n n e  
m a p p i n g  p o p u l a t i o n  u s i n g  t h r e e  r e s t r i c t i o n  e n z y m e s  ( E c o R I ,  H i n d I I I  a n d  D r a I ) .   
T h e  p r o b e s  w e r e  d e r i v e d  f r o m  t h e  a n c h o r  p r o b e  s e t  d e v e l o p e d  w i t h i n  t h e  
E u r o p e a n  G r a m i n e a e  m a p p i n g  p r o j e c t  ( E G R A M ) .   T h e  p r o b e s  h a d  b e e n  
p r e v i o u s l y  i s o l a t e d  f r o m  o a t  ( C D O ) ,  r i c e  ( R Z ,  R G R ,  R G C ,  R G G ) ,  b a r l e y  ( B C D ) ,  
m a i z e  ( C S U ) ,  w h e a t  ( P S R )  an d  F e s t u c a  ( I B F ) .   R F L P  a n a l y s i s  w a s  p e r f o r m e d  
u s i n g  
3 2
P  l a b e l e d  p r o b e s  a s  d e s c r i b e d  b y  B e r r y  e t  a l .  ( 1 9 9 5 ) .   P r o b e s  w e r e  
h y b r i d i z e d  t o  m e m b r a n e s  c o n t a i n i n g  1 1  µ g  d i g e s t e d  L o l i u m  D N A  p e r  l a n e .   
H y b r i d i z a t i o n  c o n d i t i o n s  w e r e  6 0  ° C  a n d  0 . 6  x  S S C .   W a s h i n g  c o n d i t i o n s  w e r e  6 0  
° C  a n d  0 . 2 5  x  S S C .   M e m b r a n e s  w e r e  e x p o s e d  t o  X - r a y  f i l m s  f o r  2  t o  1 6  d a y s  a t  
– 8 0 ° C  w i t h  i n t e n s i f y i n g  s c r e e n s  o r  w e r e  a n a l y z e d  u s i n g  a  p h o s p h o r - i m a g e r  ( B i o -
i m a g i n g  a n a l y z e r  B A S - 2 5 0 0  F u j i f i l m )  a f t e r  o n e  o v e r n i g h t  e x p o s u r e .  
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Table 4.2: Constitution of the EGRAM anchor RFLP probe set tested in the L. perenne 
population.  Screening results for mapping are : P = polymorphic, NH = no hybridization, 
NP = non polymorphic, AH = aspecific hybridization) 
Probe 
prefix 
Species Origin Clone type Probes Screening results 
for mapping 
BCD H. vulgare Cornell University, 














CDO A. sativa Cornell University, 
































































IBF Festuca Agricultural 
university of 
Norway, As, Norway
gDNA IBF64 P 
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T a b l e  4 . 2  c o n t i n u e d  
P r o b e  
p r e f i x  
S p e c i e s  O r i g i n  C l o n e  t y p e  P r o b e s  S c r e e n i n g  r e s u l t s  
f o r  m a p p i n g  
P S R  T .  a e s t i v u m  J o h n  I n n e s  C e n t r e ,  
C o l n e y ,  N o r w i c h ,  
N o r f o l k  N R 4  
7 U H , U K  
c D N A   
c D N A   
c D N A   
c D N A   
c D N A   
c D N A   
?  
g D N A  
P S R 8  
P S R 1 0 4   
P S R 1 1 9  
P S R 1 2 9  
P S R 1 5 4  
P S R 1 6 7  
P S R 5 8 0  
P S R 5 9 8  




N P  
N P  
N P  
N P  
R G C  O .  s a t i v a  N a t i o n a l  I n s t i t u t e  o f  
A g r o b i o l o g i c a l  
R e s o u r c e s ,  T s u k u b a ,  
I b a r a k i  3 0 5 ,  J A P A N  
c D N A  
c D N A  
c D N A  
c D N A  
c D N A  
c D N A  
R G C 3 9 0  
R G C 4 2 4  
R G C 4 8 8  
R G C 4 9 6  
R G C 7 4 2  




N P  
P  
P  
R G G  O .  s a t i v a  N a t i o n a l  I n s t i t u t e  o f  
A g r o b i o l o g i c a l  
R e s o u r c e s ,  T s u k u b a ,  
I b a r a k i  3 0 5 ,  J A P A N  
g D N A  R G G 1 1 2 5  N P  
R G R  O .  s a t i v a  N a t i o n a l  I n s t i t u t e  o f  
A g r o b i o l o g i c a l  
R e s o u r c e s ,  T s u k u b a ,  
I b a r a k i  3 0 5 ,  J A P A N  
c D N A  
c D N A  
c D N A  
c D N A  
R G R 7 7  
R G R 6 1 7  
R G R 6 6 2  
R G R 1 9 2 7  
P  
N P  
P  
P  
R Z  O .  s a t i v a  D e p a r t m e n t  P l a n t  
B r e e d i n g ,  C o r n e l l  
U n i v e r s i t y ,  I t h a c a ,  
N Y  1 4 8 5 3 - 1 9 0 1 ,  
U S A  
c D N A  
c D N A  
c D N A  
c D N A  
c D N A  
c D N A  
R Z 1 4 1  
R Z 2 4 4  
R Z 5 0 8  
R Z 5 3 7  
R Z 8 1 6  
R Z 8 9 2  
P  
P  
N P  
N P  
N H  
N P  
 
4 . 3 . 3  S S R  a n a l y s i s  
F i v e  s o u r c e s  o f  S S R s  w e r e  u s e d  ( T a b l e  4 . 3 )  :  ( 1 )  s i x  p r i m e r  s e t s  f r o m  K u b i k  e t  
a l .  ( 1 9 9 9 ) ,  ( 2 )  t e n  f r o m  J o n e s  e t  a l .  ( 2 0 0 1 ) ,  ( 3 )  e l e v e n  d e v e l o p e d  a t  D v P  
( D e n d a u w  e t  a l .  p e r s o n a l  c o m m u n i c a t i o n ) ,  ( 4 )  t h r e e  w h e a t  p r i m e r  s e t s  t e s t e d  f o r  
c r o s s - a m p l i f i c a t i o n  i n  L o l i u m  ( R ö d e r  e t  a l . ,  1 9 9 5 )  a n d  ( 5 )  1 0 0  u n p u b l i s h e d  
p r i m e r  s e t s  d e v e l o p e d  b y  J o n e s  e t  a l .  ( L a  T r o b e  U n i v e r s i t y ,  A u s t r a l i a )  a n d  
l i c e n s e d  t o  A d v a n t a  V a n  d e r  H a v e  ( R i l l a n d ,  T h e  N e t h e r l a n d s ) .   T h i s  s e t  w a s  t h e n  
s c r e e n e d  a n d  t e s t e d  a t  A d v a n t a  V a n  d e r  H a v e  ( R i l l a n d ,  T h e  N e t h e r l a n d s ) .    
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Table 4.3 : SSR primer sets used in the L. perenne, L. x boucheanum and L. multiflorum 
population : a) primer sets developed by DvP (Dendauw et al., personal communication), b) 
developed by Kubik et al. (1999) and c) Jones et al. (2001).  Forward (F) and reverse (R) 
primer sequences, repeat motif and the hybridization temperature Th are presented; 
nucleotides of the pig tail are given in Italic. 
a) DvP 
SSR  Primer sequence Repeat motif Th 
Rye001 F 
R 
TCA GTG CTC TCA GTT GTG AAC T 




ACT GCA CTG TGT TCA ATC ATC C 




GAC ACC TCA CCT GGG TCG 




GCG ACA CAG ACA CAC ACA GA 




GCG ACA CAA AGG TTT AGG G 




TGA CGA ACG ATG TGG ATT AG 




GGT CTA ATT GTC GTC CTT TC 




TGG AAG CAA GAA AGG ACA TC 




CTG CTC TGT GTT TGT GTG AC 




CCT ACA CAA ACT GCC CTC TC 




AGC CAC ACT TTA CCT AAT GCT G 
GTTTCCC GCA AAA CTT ACA ATT AAA 
? 55 
 
b) Kubik et al. (1999) 





CAC CTC CCG CTG CAT GGC ATG T 







GGT CTG GTA GAC ATG CCT AC 






TGC TGT GGC TCT TGT GAC 






AGA GAC CAT CAC CAA GCC 






GCA ACT TCT ATC GAG TTG 






CTA CAA TGC ATT CGT GCA 
TAG AGG CAC CCG CGC CCT 
(GA)9 51 
C h a p t e r  4  
7 8  
T a b l e  4 . 3  :  c o n t i n u e d  
c )  J o n e s  e t  a l .  ( 2 0 0 1 )  
S S R   P r i m e r  s e q u e n c e  R e p e a t  m o t i f  T h  
R y e 0 3 1  
( L P S S R H 0 1 A 0 2 )  
F  
R  
A A A  G A C  C G C  A G A  C G A  A G T  
A A C  C A A  A G C  C G C  A A G  A C A  
( C A )
2 7
 5 1  
R y e 0 3 2  
( L P S S R H 0 1 A 0 7 )  
F  
R  
T G G  A G G  G C T  C G T  G G A  G A A  G T  
C G G  T T C  C C A  C G C  C T T  G C  
( G T )
9  
i m p e r f e c t  5 1  
R y e 0 3 3  
( L P S S R H 0 1 A 1 0 )  
F  
R  
G A G  G C A  C C C G  G C C  A T G  G A G  
A G G  A C G  A G C  C A C  T C A  C T T  G   
( C T T )
2 0
 
i m p e r f e c t  
5 1  
R y e 0 3 4  
( L P S S R H 0 1 D 0 9 )  
F  
R  
C A A  G T G  C C A  C C A  T A G  A T A  C A A  
C G T  G A A  G A T  C A C  T A T  A A A  C A C  G A  
( A G )
8
 i m p e r f e c t  5 1  
R y e 0 3 5  
( L P S S R H 0 1 E 1 0 )  
F  
R  
C G C  A G C  T T A  A T T  T A G  T C  
G C T  T T G  A G T  A T G  T A A  A G T  T  
( C A )
1 0
  5 1  
R y e 0 3 6  
( L P S S R H 0 1 F 0 2 )  
F  
R  
T C T  G T G  G G T  C C T  T C T  G G A  T  
T C G G G T  G A T  G A T  G T T  G A C  T T  
( T C G C )
6
 
i m p e r f e c t  
5 1  
R y e 0 3 7  
( L P S S R H O 1 H 0 6 )  
F  
R  
A T T  G A C  T G G  C T T  C C G  T G T  T  
C G C  G A T  T G C  A G A  T T C  T T G  
( C A )
9
 5 1  
R y e 0 3 8  
( L P S S R H 0 2 C 1 1 )  
F  
R  
T G G  A A T  A A C  G A T  G A A  A A G  
C A T  C A C  G A A  T T A  A C A  A G A  G  
( C A )
4
T A ( C A )
4
 
i n t e r r u p t e d   
5 1  
R y e 0 3 9  
( L P S S R K 0 1 A 0 3 )  
F  
R  
G G A  C G A  A C T  G C C  G A G  A C A  
C G G  G C A  T G G  T G A  G A A  G G A  
( C T T )
7
 5 1  
R y e 0 4 0  
( L P S S R K 0 1 A 1 1 )  
F  
R  
C G G  C C A  C C C  T T G  A T A  G A G  
T C G  T C A  A G G  A T C  C G G  A G A  
( C A )
2 1
 i m p e r f e c t  5 1  
 
P C R  a m p l i f i c a t i o n s  o f  t h e  t h r e e  s e t s  w e r e  p e r f o r m e d  u s i n g  t h e  G e n e a m p  P C R  
r e a g e n t  k i t  o f  A p p l i e d  B i o s y s t e m s .   T h e  r e a c t i o n  v o l u m e  o f  2 0  µ l  c o n t a i n e d  2 5  n g  
D N A ,  1  x  P C R  b u f f e r ,  0 . 2  m M  d N T P s ,  0 . 0 7 5  µ M  f o r w a r d  a n d  r e v e r s e  p r i m e r ,  
w i t h  o n e  p r i m e r  b e i n g  f l u o r e s c e n t  l a b e l e d ,  2 . 5  µ g  B S A  a n d  1  U  o f  T a q  
p o l y m e r a s e .   P C R  w a s  p e r f o r m e d  i n  a  P e r k i n  E l m e r  9 6 0 0  t h e r m o c y c l e r .   C y c l i n g  
c o n d i t i o n s  w e r e  1 0  m i n  a t  9 4 ° C ,  3 0  c y c l e s  o f  3 0  s e c  a t  9 4 ° C ,  3 0  s e c  a t  5 1 ° C  o r  
5 5 ° C  d e p e n d i n g  o n  t h e  p r i m e r  c o m b i n a t i o n  a n d  1  m i n  a t  7 2 ° C ,  a n d  a  f i n a l  
e l o n g a t i o n  s t e p  o f  1 0  m i n  a t  7 2 ° C .   A t  t h e  e n d  o f  t h e  f l u o r e s c e n t  P C R ,  t h e  
s a m p l e s  w e r e  d e n a t u r e d  b y  a d d i n g  2 0  µ l  o f  f o r m a m i d e  b u f f e r  a n d  h e a t i n g  f o r  3  
m i n  a t  9 0 ° C .   1 . 5  µ l  o f  e a c h  s a m p l e  w a s  l o a d e d  o n  5 %  
p o l y a c r y l a m i d e / b i s a c r y l a m i d e  1 9 : 1  ( B i o r a d ) ,  7 . 5  M  u r e a  ( G i b c o  B R L )  a n d  1 x  
T B E  g e l s  a n d  a n a l y s e d  w i t h  a n  A B I  P r i s m  3 7 7  D N A  s e q u e n c e r  ( A B I 3 7 7 ;  P e r k i n  
E l m e r ) .   G S - 5 0 0  R o x  l a b e l l e d  s i z e  s t a n d a r d  w a s  l o a d e d  i n  e a c h  l a n e  i n  o r d e r  t o  
a l l o w  t h e  a u t o m a t i c  a n a l y s i s  o f  t h e  d a t a .   G e n e s c a n  A n a l y s i s  S o f t w a r e  2 . 1  w a s  
u s e d  t o  t r a n s l a t e  t h e  i n f o r m a t i o n  c o l l e c t e d  b y  t h e  A B I 3 7 7  i n t o  f r a g m e n t  s i z i n g  
i n f o r m a t i o n  a n d  G e n o t y p e r  2 . 5  w a s  u s e d  t o  s c o r e  t h e  f i n g e r p r i n t s .  
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4.3.4 STS analysis 
Sixteen primer pairs developed by Lallemand et al. (1998) (Table 4.4) were 
screened in the three mapping populations.  PCR amplifications were performed 
using the Geneamp PCR reagent kit of Applied Biosystems.  A reaction volume 
of 20 µl contained 15 ng DNA, 1 x PCR buffer, 0.2 mM dNTPs, 0.5 µM forward 
and reverse primer and 0.8 U of the Taq polymerase.  PCR was performed in a 
PTC-200 Peltier Thermal Cycler (MJ Research).  Cycling conditions were 1 min 
at 94°C, 35 cycles of 30 sec at 94°C, 30 sec at Th depending on the primer 
combination (Table 4.4) and 1 min at 72°C, and a final elongation step of 10 min 
at 72°C.  STS alleles were separated on a 8 % PAA gel and visualized by UV 
illumination after staining with ethidium bromide. 
 
4.3.5 Resistance gene analogues 
The primers used in this study (Table 4.5) were described by Mago et al. 
(1999) and Yu et al. (1996).  Nine primer combinations were tested (s1/nbs1-r, 
s1/nbs2-r, s1/nbs3-r, s1/nbs4-r, s2/nbs1-r, s2/nbs2-r, s2/nbs3-r, s2/nbs4-r, nbs-
f1/nbs-r1).  PCR was performed in a total volume of 20 µl containing 75 ng 
DNA, 0.2 mM dNTPs, 2 µM forward and reverse primer, 1 x PCR buffer and 0.8 
U of the Taq polymerase of the Geneamp PCR reagent kit of Applied 
Biosystems.  PCR was performed in a PTC-200 Peltier Thermal Cycler (MJ 
Research).  Cycling conditions were 1 min at 94°C, 40 cycles of 30 sec at 94°C, 
30 sec at 55°C and 1 min at 72°C, and a final elongation step of 6 min at 72°C.  
PCR fragments were separated on a 1.5 % agarose gel using gel electrophoresis 
and visualized by UV illumination after staining with ethidium bromide. 
PCR fragments were excised from agarose gels and purified using the Qiagen 
Gel Extraction Kit.  Fragments were cloned using the TOPO TA cloning kit 
(Invitrogen) and sequenced using the ABI Prism BigDye Terminator cycle 
Sequencing kit of Perkin Elmer Biosystems.  Sequencing reactions were analyzed 
using an ABI Prism 377 DNA Sequencer.  Sequence analysis was performed 
using the GCG software (FASTA, MAP, Translate) 
C h a p t e r  4  
8 0  
T a b l e  4 . 4  :  S T S  p r i m e r  s e q u e n c e s  d e v e l o p e d  b y  L a l l e m a n d  e t  a l .  ( 1 9 9 8 ) .   F o r w a r d  ( F )  a n d  
r e v e r s e  ( R )  p r i m e r  s e q u e n c e s ,  t h e  h y b r i d i z a t i o n  t e m p e r a t u r e  o f  t h e  p r i m e r s  ( T
h
)  a n d  t h e  o r i g i n  o f  
t h e  c o n s e n s u s  s e q u e n c e s  o n  w h i c h  p r i m e r s  w e r e  d e s i g n e d  a r e  g i v e n .  
P r i m e r  
s e t  
G e n e  O r i g i n  
c o n s e n s u s  
s e q u e n c e s  
T
h
 P r i m e r  S e q u e n c e s  
A D H  
A l c o h o l  
d e h y d r o g e n a s e  
M a i z e ,  
b a r l e y  a n d  
r i c e  
6 0  F  
R  
G C G  T C A  A G A  T C C  T C T  T C A  C C  
C R C  C C T  C T C  C A A  C A C  T C T  C Y  
M Z E  
T r i o s e p h o s p h a t e  
i s o m e r a s e  
M a i z e ,  r i c e  
a n d  r y e  
6 0  F  
R  
T C A  A A G  G T C  A T T  G C A  T G T  
C N G  N G T  T G A  T G A  T G T  C G A  T G A  A  
O S W  
A D P - G l u c o s e  
g l y c o s y l  
t r a n s f e r a s e  
M a i z e ,  
b a r l e y ,  r i c e  
a n d  s o r g h u m  
6 0  F  
R  
T T C  T G C  A T C  C A C  A A C  A T C  T C C  T A  
C T G  A C G  T C C  A T G  C C G  T T G  A C G  A T  
L P 1  
P o l l e n  a l l e r g e n  R y e g r a s s  6 0  F  
R  
C A C  C A A  G C C  G A C  A T T  C C A  C  
C A C  C G T  G C G  A G C  A A A  G A A  A G  
P R O  
P r o f i l i n  M a i z e  a n d  
P h l e u m  
6 0  F  
R  
T A C  C A A  G T A  C A T  G G T  C A T  C C  
A T S  G G C  T C G  T C G  T A G  A T G  C  
O S E  
 
L a t e  a b u n d a n t  
e m b r y o g e n e s i s  
p r o t e i n  
M a i z e ,  
b a r l e y ,  r i c e  
a n d  w h e a t  
6 2  F  
R  
C G T  C G T  C C C  C G G  C G G  C A C  C G  
T T G  G A C  T C G  T C G  A T G  T C G  A T  
S C F  
R U B I S C O  M a i z e ,  
b a r l e y ,  r i c e  
a n d  s u g a r  
c a n e  
6 2  F  
R  
G G C  T C A  A G T  C C A  C C G  C C A  G C  
A A C  A T G  G G C  A G C  T T C  C A C  A T  
O S B R  
á - a m y l a s e  3  M a i z e ,  
b a r l e y ,  r i c e  
a n d  w h e a t  
6 0  F  
R  
G A C  A G C  C G C  C T C  G A C  T G G  G G  
G A T  C T C  C T G  C R T T  C A G  G T T  C C  
A D P  
A D P  g l u c o s e  
p h o s p h o r y l a s e  
B a r l e y ,  r i c e  
a n d  w h e a t  
6 0  F  
R  
C C T  C C G  T G A  A C A  A T T  T C C  T G   
T C C  A A T  A C G  A G C  A T T  C T T  G T  
P H O S  
P h o p h o l i p a s e  M a i z e  a n d  
r i c e  
4 5  F  
R  
A A C  C C C  A A G  G A C  T A Y  C T C  A C   
A M C  C R A  T G A  T G A  T G T  A C T  C R  
P G L U  
P r e p r o  g l u t e l i n  R i c e  a n d  o a t  4 3  F  
R  
C Y G  A A R  G T C  A A A  G C C  A A A  G C  
A A K  C C A  C T R  A A T  A T G  T T T  T G  
P A L  
P h e n y l a l a n i n e  
a m m o n i a l y a s e  
B a r l e y ,  r i c e  
a n d  w h e a t  
6 2  F  
R  
A G C  G G A  T G G  T G G  A G G  A G T  A C  
T T G  G A  G C A  T C A  T G T  A G G  A G  
C A T  
C a t a l a s e  B a r l e y  a n d  
r i c e  
6 0  F  
R  
G A G  C G T  G G A  A G C  C C T  G A G  A C  
C C A  T G T  G C C  T G T  A G T  T G A  G T  
S E R  
S e r i n e  
c a r b o x y p e p t i d a s e  
B a r l e y  a n d  
r i c e  
5 0  F  
R  
T G G  G G T  T T A  T G T  Y C C  T A C  T C  
G A S  C C A  T T C  C A T  G W G  C A A  A T  
A S P  
A s p a r t i c  p r o t e a s e  B a r l e y  a n d  
r i c e   
6 2  F  
R  
G C C  T G T  G A G  A T G  G C T  G T T  G T  
A T G  G C T  G T G  A A T  C C A  C T G  A T  
C A F  
C a f f e i c  a c i d   
O - m e t h y l  
t r a n s f e r a s e  
R y e g r a s s  6 2  F  
R  
C G C  T C A  T G G A  A C C C  A G G  A C A  A C  
G G G  A T G  C C G  C C G  T C A  A G G  A C  
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C h a p t e r  4  
8 2  
4 . 4  R e s u l t s  a n d  d i s c u s s i o n  
4 . 4 . 1  R F L P  m a r k e r s  
A  s e t  o f  5 1  R F L P  p r o b e s  c o n s i s t i n g  o f  b o t h  c D N A  a n d  g e n o m i c  D N A  p r o b e s  
k n o w n  t o  b e  d i s t r i b u t e d  e v e n l y  o v e r  t h e  c h r o m o s o m e s  o f  r i c e  w e r e  s c r e e n e d  f o r  
R F L P s  i n  t h e  L .  p e r e n n e  p o p u l a t i o n .   T h e  r e s t r i c t i o n  e n z y m e s  H i n d I I I ,  D r a I  a n d  
E c o R I  w e r e  u s e d .   S c r e e n i n g  r e s u l t s  a r e  s u m m a r i z e d  i n  T a b l e  4 . 2 .   T h r e e  p r o b e s  
d i d  n o t  h y b r i d i z e ,  t h r e e  p r o b e s  s h o w e d  n o n - s p e c i f i c  h y b r i d i z a t i o n ,  f o u r t e e n  
p r o b e s  w e r e  n o n - p o l y m o r p h i c  a n d  t w e n t y - n i n e  w e r e  p o l y m o r p h i c  ( a n  e x a m p l e  i s  
d i s p l a y e d  i n  F i g .  4 . 1 ) .   T h i s  i n d i c a t e s  t h a t  t h e  s e l e c t e d  s e t  w a s  v e r y  s u i t a b l e  f o r  
c r o s s - h y b r i d i s a t i o n  i n  L .  p e r e n n e  a s  j u s t  6  o f  5 1  p r o b e s  r e s u l t e d  i n  n o  o r   n o n -
s p e c i f i c  R F L P  s i g n a l s .   T a k i n g  i n t o  a c c o u n t  t h a t  t h e s e  p r o b e s  h a v e  a l s o  b e e n  
m a p p e d  i n  o t h e r  g r a s s  s p e c i e s ,  t h e y  w i l l  e n a b l e ,  a f t e r  m a p p i n g ,  t h e  a l i g n m e n t  o f  








F i g .  4 . 1  :  R F L P  p r o f i l e s  o b t a i n e d  w i t h  p r o b e  C D O 8 7  o f  t h e  E G R A M  a n c h o r  p r o b e  s e t .   L a n e  1  
a n d  2  a r e  t h e  p a r e n t s  o f  t h e  L .  p e r e n n e  p o p u l a t i o n  ( T C 1  a n d  S B 2 ) .   A l l  o t h e r  l a n e s  c o n t a i n  F
1
 
i n d i v i d u a l s .   T h i s  R F L P  p r o b e  d e t e c t e d  t w o  l o c i .   O n e  l o c u s  c o n s i s t s  o f  a l l e l e  c  a n d  d ;  t h e  
s e c o n d  l o c u s  o u t  o f  a  a n d  b .   T h e  l o c i  h a v e  b e e n  s c o r e d  c o - d o m i n a n t l y .  
 
T h e s e  R F L P  m a r k e r s  d e m o n s t r a t e d  v e r y  s u c c e s s f u l  f o r  c o - d o m i n a n t  s c o r i n g ,  
a s  2 3  o u t  o f  2 9  ( p o l y m o r p h i c )  p r o b e s  h a v e  b e e n  s c o r e d  c o - d o m i n a n t l y .   D e s p i t e  
t h e  h i g h  v a l u e  o f  t h e s e  m a r k e r s ,  t h e  p r o c e d u r e  f o r  t h e  g e n e r a t i o n  o f  R F L P s  i s  
v e r y  l a b o r i o u s  i n  r y e g r a s s  d u e  t o  i t s  r e l a t i v e l y  l a r g e  g e n o m e .   B i g  q u a n t i t i e s  o f  
g e n o m i c  D N A  w e r e  n e c e s s a r y  f o r  s o u t h e r n  b l o t t i n g .  
 





Screening of co-dominant marker systems for mapping in Lolium 
  83 
4.4.2 SSR markers 
SSRs are PCR-based markers and easier to generate than RFLPs.  They were 
used as a second source of co-dominant markers.  The set of 27 primer 
combinations developed in Lolium, was first tested in the L. perenne population.  
A summary of the results is given in Table 4.6.  Four primer combinations did 
not produce any amplification.  Six primer combinations resulted either in non-
specific amplification or in weak amplification.  Eight primer combinations were 
monomorphic and nine were polymorphic. 
In some cases the amplification profile contained a lot of stutter bands, 
because of slippage of the Taq polymerase during the PCR amplification and the 
non-templated addition of an extra A to the 3’ end of PCR products (Smith et al., 
1995).  This is a characteristic often seen in SSRs with dinucleotide repeats 
(Harker, 2001).  Addition of a short nucleotide sequence at the end of the primer 
(pigtailing; Brownstein et al., 1996), resulted in a better profile with less stutter 
bands (Fig. 4.2: rye005 primer with and without tail). 
For three primer combinations (rye005, rye014 and rye023), we observed 
“mirror” profiles.  If one fragment was present, a slightly bigger fragment was 
also observed (Fig. 4.2).  This might indicate a possible duplication of the SSR 
locus close to the original locus.  Two primer combinations (rye005 and rye014) 
revealed always the same genotype in each F1 plant, which indicated that both 
SSRs were derived from the same locus.  For two primer combinations (rye012 
and rye022), amplification was just observed when ramping conditions were 
included in the PCR program.  The primer combinations rye012, rye014, rye022, 
rye031 and rye035 displayed null alleles, but four of these five primer 
combinations could still be scored co-dominantly.  Only rye022 could not be 
scored co-dominantly, as one allele was amplified.   
After this first screening, the most promising SSRs were also tested for 
polymorphisms in the L. x boucheanum and L. multiflorum populations (Table 
4.6).  Finally, three polymorphic SSRs were retained for mapping in the L. 
multiflorum population (uni001, rye024 and rye035) and four in the L. x 
boucheanum population (uni001, rye021, rye024 and rye035).  
The set of 100 SSRs developed by Jones et al. (La Trobe University, Australia) 
and licensed to Advanta Van der Have (Rilland, The Netherlands) was tested in 
the L. perenne mapping population at Advanta Van der Have (Netherlands).  37 
SSRs with a good amplification pattern were retained for genotyping a set of 60 
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F
1
 p l a n t s  o f  t h e  L .  p e r e n n e  m a p p i n g  p o p u l a t i o n  ( p e r f o r m e d  b y  A d v a n t a  V a n  d e r  
H a v e ,  R i l l a n d ,  T h e  N e t h e r l a n d s ) .  
S S R s  i s o l a t e d  i n  w h e a t  ( R o d e r  e t  a l . ,  1 9 9 5 )  w e r e  t e s t e d  i n  t h e  s t u d i e d  
p o p u l a t i o n s  w i t h o u t  a n y  s u c c e s s  ( n o  o r  w e a k  a m p l i f i c a t i o n ;  r e s u l t s  n o t  s h o w n ) .    
 
T a b l e  4 . 6  :  S S R  p r i m e r  s e t s  u s e d  t o  a m p l i f y  S S R  l o c i  i n  t h e  L .  p e r e n n e ,  L .  x  
b o u c h e a n u m  a n d  L .  m u l t i f l o r u m  p o p u l a t i o n .   T h e  m a r k e r s  s e l e c t e d  f o r  m a p p i n g  a r e  
i n d i c a t e d  i n  I t a l i c s .  
S o u r c e  S S R  R e a c t i o n  t y p e
*
 
  L .  p e r e n n e  L .  x  b o u c h e a n u m  L .  m u l t i f l o r u m  
R y e 0 0 1
 
N A  -  N A  
R y e 0 0 2  N A  -  N A  
R y e 0 0 5  P ,   
p r i m e r  w i t h  t a i l  
N A  N A  
R y e 0 0 8  A  -  N A  
R y e 0 0 9  N A  A  N A  
R y e 0 1 0  A  -  N A  
R y e 0 1 2  P ,  
w i t h  r a m p i n g  
M  M  
R y e 0 1 3  N A  -  N A  
R y e 0 1 4  P  N A  N A  
R y e 0 1 6  A  A  M  
D v P  
U n i 0 0 1  P  P  P  
R y e 0 2 1   M  P  A  
R y e 0 2 2  P ,   
w i t h  r a m p i n g  
A  M  
R y e 0 2 3  P  M  A  
R y e 0 2 4  P  P  P  
R y e 0 2 5  M  M  M  
K u b i k  e t  a l .  1 9 9 9  
R y e 0 2 6  M  A  A  
R y e 0 3 1  P  M  M  
R y e 0 3 2  A  A  -  
R y e 0 3 3  A  A  -  
R y e 0 3 4  M  M  -  
R y e 0 3 5  P  P  P  
R y e 0 3 6  A  A  -  
R y e 0 3 7  M  M  -  
R y e 0 3 8  M  M  -  
R y e 0 3 9  M  M  -  
J o n e s  e t  a l . ,  2 0 0 1  
R y e 0 4 0  M  M  -  
*
 N A  =  n o  a m p l i f i c a t i o n ;  A  =  a s p e c i f i c  a m p l i f i c a t i o n ;  M  =  m o n o m o r p h i c ;  P  =  
p o l y m o r p h i c ;  -  =  n o t  t e s t e d  
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Fig. 4.2. : SSR pattern obtained with SSR Rye005 in the two L. perenne parents (lane 1 and 2) 
and two F1 individuals (lane 3 and 4).  Fingerprint is given as an electroferogram, in which 
fragments are represented as peaks.  Without pigtailing, a lot of stutter bands can be seen; 
addition of a tail to the primer resulted in a pattern of a higher quality.  With this primer 
combination, the mirror effect was observed.  Peaks A and D and peaks B and E were always 
segregating together. 
 
4.4.3 STS markers 
The sixteen STS primer combinations developed by Lallemand et al. (1998) were 
tested for length polymorphisms in the three mapping populations studied.  An 
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e x a m p l e  i s  s h o w n  i n  F i g .  4 . 3 .   T h e  s c r e e n i n g  r e s u l t s  o f  t h e  t h r e e  p o p u l a t i o n s  a r e  
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F i g .  4 . 3 :  S T S  m a r k e r  O S W  :  a m p l i f i c a t i o n  p r o d u c t s  o b t a i n e d  w i t h  p r i m e r  
c o m b i n a t i o n  O S W .   L a n e  2  a n d  3  a r e  p a r e n t  1  a n d  2  r e s p e c t i v e l y ;  t h e  o t h e r  l a n e s  
c o n t a i n  F
1
 i n d i v i d u a l s .   F r a g m e n t s  w e r e  s e p a r a t e d  o n  a  8 %  P A A  g e l  a n d  v i s u a l i z e d  
b y  U V  i l l u m i n a t i o n  a f t e r  e t h i d i u m  b r o m i d e  s t a i n i n g .  
 
T a b l e  4 . 7  :  R e s u l t s  o b t a i n e d  w i t h  t h e  s i x t e e n  p r i m e r  s e t s  d e v e l o p e d  b y  L a l l e m a n d  
e t  a l .  ( 1 9 9 8 )  i n  t h e  L .  p e r e n n e ,  L .  x  b o u c h e a n u m  a n d  t h e  L .  m u l t i f l o r u m  p o p u l a t i o n .   
( R e a c t i o n  t y p e :  M  =  m o n o m o r p h i c ,  P =  p o l y m o r p h i c ,  A =  A s p e c i f i c ) .  
S T S  L .  p e r e n n e   L .  x  b o u c h e a n u m   L .  m u l t i f l o r u m  
A D H  
M  
P  P  
M Z E  
M  M  M  
O S W  P  P  
P  
L P 1  P  P  P  
P R O  
M  M  M  
O S E  P  P  
M  
S C F  
M  A  M  
O S B R  P  
M  M  
A D P  
M  P  M  
P H O S  
A  M  P  
P G L U  
A  P  M  
P A L  
M  M  A  
C A T  P  P  P  
S E R  
M  M  P  
A S P  
M  M  P  
C A F  
M  M  M  
T o t a l  p o l y m o r p h i c  
5  7  7  
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In the respective L. perenne, L. multiflorum, and L. x boucheanum 
population, five, seven and seven out of sixteen primer combinations revealed 
length polymorphisms and were retained for mapping purposes.  Furthermore, 
the markers ADH, OSW, LP1, OSE and CAT were polymorphic in more than 
one population and are useful for aligning the maps of the three mapping 
populations. 
 
4.4.4 Resistance gene analogues  
A special case of STS markers used in this study, is the amplification of 
Resistance Gene Analogues.  The degenerate primers utilized in this study (Yu et 
al., 1996; Mago et al., 1999) were designed to include no introns.  Therefore, the 
size of PCR products arising from genomic RGA sequences were predicted from 
the known R sequences for all primer sets.  Of the nine primer combinations 
tested, just the primer set S1/NBS1-R amplified clear bands of approximately 500 
bp (one fragment of 630 bp and one fragment of 540 bp), which is the expected 
size for RGA fragments (Fig. 4.4).  The other primer pairs amplified fragments 
with lengths not corresponding to the length expected from the primer design.  
The 540 and 630 bp fragments amplified in the L. perenne parents (SB2 and 
TC1) with the primer pair S1/NBS1-R were cloned and sequenced.  
Six clones of the 540 bp fragment amplified in SB2 were sequenced, of which 
four were identical S1/NBS1-R fragments; two other clones included S1/S1 
fragments, which were rejected for further analysis.  Ten clones of the 540 bp 
fragment amplified in the TC1 parent were sequenced of which nine clones 
contained identical S1/NBS1-R sequences; one clone contained a S1/S1 fragment, 
which was not of interest.  The 540 bp S1/NBS1-R fragments of both parents 
showed homology with known resistance genes (Table 4.8).  One clone of the 
630 bp fragment amplified in the SB2 parent was sequenced, but did not show 
any homology with known resistance genes.   
Comparison of the RGA sequences obtained in TC1 and SB2 revealed four 
single nucleotide polymorphisms (Fig. 4.5).  Translation of the RGA sequences 
of TC1 and SB2 resulted in amino acid sequences without any stop codons.  The 
single nucleotide polymorphisms resulted in 2 amino acid polymorphisms (Fig. 
4.6). 
Restriction site analysis of the RGA sequences of TC1 and SB2 revealed 
restriction site polymorphisms situated in the regions of the single nucleotide 
C h a p t e r  4  
8 8  
p o l y m o r p h i s m s  ( F i g .  4 . 7 ) .   W e  u s e d  t h e s e  p o l y m o r p h i s m s  t o  d e r i v e  a  C A P S  
m a r k e r  f r o m  t h i s  R G A  s e q u e n c e .   S p e c i f i c  p r i m e r s  w e r e  d e s i g n e d  t o  a m p l i f y  t h e  
5 4 0  b p  S 1 / N B S 1 - R  f r a g m e n t  a n d  n o t  t h e  S 1 / S 1  f r a g m e n t s .   U s i n g  t h e s e  p r i m e r s  
a n d  t h e  r e s t r i c t i o n  e n z y m e  M b o I  o r  T a q I ,  w e  w e r e  a b l e  t o  t u r n  t h e  5 4 0  b p  R G A  
f r a g m e n t  i n t o  a  C A P S  m a r k e r  u s e f u l  f o r  m a p p i n g  i n  t h e  L .  p e r e n n e  p o p u l a t i o n  
( F i g .  4 . 8 ) .  
 
 M  S B 2  M  T C 1  M     
 
 
F i g .  4 . 4  :  P C R  a m p l i f i c a t i o n  p r o d u c t s  o b t a i n e d  w i t h  p r i m e r  
c o m b i n a t i o n  S 1 / N B S 1 - R  i n  t h e  p a r e n t  p l a n t s  ( S B 2  a n d  T C 1 )  o f  t h e  
L .  p e r e n n e  p o p u l a t i o n .   T h e  5 4 0  a n d  6 3 0  b p  f r a g m e n t  w e r e  e x c i s e d  
f o r  f u r t h e r  a n a l y s i s .   ( M =  1 0 0  b p  m a r k e r  M B I  f e r m e n t a s ) .  
 
T a b l e  4 . 8  :  H o m o l o g y  r e s u l t s  o f  t h e  5 4 0  b p  f r a g m e n t  o b t a i n e d  i n  b o t h  p a r e n t s  o f  
t h e  L .  p e r e n n e  p o p u l a t i o n .   H o m o l o g y  s e a r c h e s  w e r e  b a s e d  o n  t h e  a m i n o  a c i d  
s e q u e n c e  u s i n g  t h e  F A S T A  a l g o r i t h m  o f  G C G  
C l o n e  G e n e  O r g a n i s m  A c c e s s i o n  
n u m b e r  
E - v a l u e  
( F A S T A )  
C l o n e 1 8   R P P 1 3  A r a b i d o p s i s  t h a l i a n a  Q 9 M 6 6 7  1 . 2 e - 1 9  
( i s o l a t e d  i n  S B 2 )  R P P 8  A r a b i d o p s i s  t h a l i a n a  L 3 2 5 9 2  2 . 6 e - 1 7  
 I 2  L y c o p e r s i c o n  
e s c u l e n t u m  
Q 9 X E T 3  9 . 1 e - 1 7  
C l o n e 6 1   R P P 1 3  A r a b i d o p s i s  t h a l i a n a  Q 9 M 6 6 7  2 . 1 e - 1 9  
( i s o l a t e d  i n  T C 1 )  R P P 8  A r a b i d o p s i s  t h a l i a n a  L 3 2 5 9 2  3 . 7 e - 1 7  
 R P M 1  A r a b i d o p s i s  t h a l i a n a  Q 3 9 2 1 4  4 . 8 e - 1 7  
 I 2  L y c o p e r s i c o n  
e s c u l e n t u m  
Q 9 X E T 3  8 . 6 e - 1 7  
5 4 0  b p  f r a g m e n t  
5 0 0  b p  
1 0 0 0  b p  
6 3 0  b p  f r a g m e n t  
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        .         .         .         .         . 
cl 18 1 GGTGGGGTTGGGAAGACAACGCTGGCTAAAAAAGTCTACACATCATCTAG  
        |||||||||||||||||||||||||||||||||||||||||||||||||| 
cl 61 1 GGTGGGGTTGGGAAGACAACGCTGGCTAAAAAAGTCTACACATCATCTAG  
         .         .         .         .         . 
     51 AGTCAAACAACACTTTGAAGTAGTTGCATGGGTGACCGTGTCTCAGACAT  
        |||||||||||||||||||||| ||||||||||||||||||||||||||| 
     51 AGTCAAACAACACTTTGAAGTACTTGCATGGGTGACCGTGTCTCAGACAT 
         .         .         .         .         . 
    101 TCAAGGGCATTGATTTACTCAAGGATATCATGAAACAAATAACAGGGGGC 
        |||||||||||||||||||||||||||||||||||||||||||||||||| 
    101 TCAAGGGCATTGATTTACTCAAGGATATCATGAAACAAATAACAGGGGGC 
         .         .         .         .         . 
    151 ACATATGATTCATCGAATCTCATGCAGGAGTTTGATGTCGGAAAGAAGAT 
        |||||||||||| ||||||||||||||||||||||||||||||||||||| 
    151 ACATATGATTCAACGAATCTCATGCAGGAGTTTGATGTCGGAAAGAAGAT 
         .         .         .         .         . 
    201 TAGGGATTTTTTGTTTACAAAGAGATACTTAGTAGTTCTGGATGATGTGT 
        ||||||||||||||||||||||||||||||||||||||| |||||||||| 
    201 TAGGGATTTTTTGTTTACAAAGAGATACTTAGTAGTTCTCGATGATGTGT 
         .         .         .         .         . 
    251 GGGAAGCAGACACATGGGACCAATTAAATAGAACAGTTGAAGCCTTTCCA 
        ||||||||||||||||||| |||||||||||||||||||||||||||||| 
    251 GGGAAGCAGACACATGGGATCAATTAAATAGAACAGTTGAAGCCTTTCCA 
         .         .         .         .         . 
    301 AATGAAGATAACGGTAGTAGATTACTGCTAACCACACGGAAGGTAGATGT 
        |||||||||||||||||||||||||||||||||||||||||||||||||| 
    301 AATGAAGATAACGGTAGTAGATTACTGCTAACCACACGGAAGGTAGATGT 
         .         .         .         .         . 
    351 TGCAAATCATGTTGAAAGGCCAACCCATGTTCATGCTCTGAAGCACTTAA 
        |||||||||||||||||||||||||||||||||||||||||||||||||| 
    351 TGCAAATCATGTTGAAAGGCCAACCCATGTTCATGCTCTGAAGCACTTAA 
         .         .         .         .         . 
    401 ACGAAGAGAAAAGTTGGAAGCTATTTTGTAGCAAAGCTTTTCCATCATAC 
        |||||||||||||||||||||||||||||||||||||||||||||||||| 
    401 ACGAAGAGAAAAGTTGGAAGCTATTTTGTAGCAAAGCTTTTCCATCATAC 
         .         .         .         .         . 
    451 AAAAGGTCTGTCATGCGTGACGTTGCTGAGTTTCAAAAAATTGGGAGAAA 
        |||||||||||||||||||||||||||||||||||||||||||||||||| 
    451 AAAAGGTCTGTCATGCGTGACGTTGCTGAGTTTCAAAAAATTGGGAGAAA 
                   .         .         .        
    501 ACTAGCAAGCAAATGTGATGGATTGCCACTAGCGTGG 537 
        ||||||||||||||||||||||||||||||||||||| 
    501 ACTAGCAAGCAAATGTGATGGATTGCCACTAGCGTGG 537 
 
Fig. 4.5 : Alignment of the 540 bp RGA fragments obtained in the parent plants : clone 18 
isolated from SB2 and clone 61 from TC1.  The single nucleotide polymorphisms are 
indicated in bold. 
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                       .          .          .          .    
c l  1 8  1  G G V G K T T L A K K V Y T S S R V K Q H F E V V A W V T V S Q T F K G I D L L K D I M K Q I T G G   
        | | | | | | | | | | | | | | | | | | | | | | | | . | | | | | | | | | | | | | | | | | | | | | | | | |  
c l  6 1  1  G G V G K T T L A K K V Y T S S R V K Q H F E V L A W V T V S Q T F K G I D L L K D I M K Q I T G G   
            .          .          .          .          .  
     5 1  T Y D S S N L M Q E F D V G K K I R D F L F T K R Y L V V L D D V W E A D T W D Q L N R T V E A F P   
        | | | | . | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |  
     5 1  T Y D S T N L M Q E F D V G K K I R D F L F T K R Y L V V L D D V W E A D T W D Q L N R T V E A F P  
                 .          .          .          .          .  
    1 0 1  N E D N G S R L L L T T R K V D V A N H V E R P T H V H A L K H L N E E K S W K L F C S K A F P S Y  
        | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |  
    1 0 1  N E D N G S R L L L T T R K V D V A N H V E R P T H V H A L K H L N E E K S W K L F C S K A F P S Y  
                   .          .           
    1 5 1  K R S V M R D V A E F Q K I G R K L A S K C D G L P L A W  1 7 9  
        | | | | | | | | | | | | | | | | | | | | | | | | | | | | |  
    1 5 1  K R S V M R D V A E F Q K I G R K L A S K C D G L P L A W  1 7 9  
 
F i g .  4 . 6  :  T r a n s l a t i o n  a n d  c o m p a r i s o n  o f  t h e  R G A  f r a g m e n t s  i s o l a t e d  f r o m  T C 1  ( c l .  6 1 )  a n d  
S B 2  ( c l .  1 8 ) .   T h e  s i n g l e  n u c l e o t i d e  p o l y m o r p h i s m s  r e s u l t e d  i n  t w o  a m i n o  a c i d  s e q u e n c e  
p o l y m o r p h i s m s  ( i n d i c a t e d  i n  b o l d ) .   
 
 
   S N P 1      S N P 2  
 
             T a q I  
S B 2  c l o n e 1 8  6 7  G A A G T A G T T G C A  7 8  1 5 7  G A T T C A T C G A A T  1 6 8  
      | | | | | |  | | | | |   | | | | | |  | | | | |  
T C 1  c l o n e 6 1  6 7  G A A G T A C T T G C A  7 8  1 5 7  G A T T C A A C G A A T  1 6 8  
      T a t I   
       C s p 6 I  
        R s a I  &  S c a I   
 
   S N P 3      S N P 4  
 
                                            N l a I V   
                                           A v a I I  
        S a u 9 6 I  
S B 2  c l o n e 1 8  2 3 4  A G T T C T G G A T G A  2 4 5  2 7 0  C T G G G A C C A A T T  2 8 1  
       | | | | | |  | | | | |       | | | | | |  | | | | |  
T C 1  c l o n e 6 1  2 3 4  A G T T C T C G A T G A  2 4 5  2 7 0  A T G G G A T C A A T T  2 8 1  
          T a q I             M b o I  
                D p n I  
                                            A l w I   
                  
F i g .  4 . 7  :  R e s t r i c t i o n  s i t e  a n a l y s i s  o f  t h e  t w o  R G A  f r a g m e n t s  i s o l a t e d  f r o m  p a r e n t  T C 1  
a n d  S B 2 .   T h e  s i n g l e  n u c l e o t i d e  p o l y m o r p h i s m s  ( S N P )  a r e  i n d i c a t e d  i n  b o l d .   T h e  
e n z y m e s  u s e d  t o  g e n e r a t e  C A P S  m a r k e r s  a r e  a l s o  i n d i c a t e d  i n  b o l d .  
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  M F1      P1 P2 F1  P1 P2 M 
 
 
Fig. 4.8 : Restriction analysis of RGA fragments amplified 
in SB2 and TC1.  Restriction enzymes used were TaqI and 
MboI.  Next to the parents of the L. perenne population 
(P1=TC1 and P2=SB2), four F1 individuals were analysed, in 
order to observe the inheritance of the polymorphisms.  
 
4.5 Conclusions 
Of the techniques tested for marker generation in Lolium, some offer clear 
advantages above others.  Although, 29 out of 51 RFLP probes have been turned 
into polymorphic markers in the L. perenne population, RFLP remains a 
laborious and very tedious mapping technique, demanding big quantities of good 
quality DNA.  This makes the technique difficult to perform in early seedling 
stage. 
The other techniques tested, all of them PCR-based, are better suited for high 
throughput analysis and applicable to small quantities of DNA.  Nine out of 27 
SSRs tested at DvP, were polymorphic in the L. perenne population.  Out of the 
set developed by Jones et al. (La Trobe University, Australia) and licensed to 
Advanta Van der Have (Rilland, The Netherlands), 37 SSRs with a good 
amplification pattern were retained for mapping in the L. perenne population.  
The number of STS primers that has been turned into polymorphic markers 
was small (five, seven and seven out of sixteen STS markers in respectively the 
L. perenne, L. x boucheanum and L. multiflorum population).  This was mostly 









C h a p t e r  4  
9 2  
a t t a i n e d  i n  t h i s  k i n d  o f  g e l s  l i e s  b e t w e e n  1 0  a n d  5 0  b p .   T h e  n u m b e r  o f  
p o l y m o r p h i s m s  w o u l d  c e r t a i n l y  b e  h i g h e r  i f  t e c h n i q u e s  w i t h  a  h i g h e r  r e s o l u t i o n  
w e r e  u s e d ;  t e c h n i q u e s  l i k e  S S C P ,  C A P S  o r  H D  a n a l y s i s ,  t h a t  c a n  d e t e c t  s i n g l e  
n u c l e o t i d e  p o l y m o r p h i s m s .  
I n  t h e  L .  p e r e n n e  p o p u l a t i o n ,  a n  i s o l a t e d  R G A  f r a g m e n t  w a s  t u r n e d  i n t o  a  
C A P S  m a r k e r .   T h i s  d e m o n s t r a t e s  o n c e  m o r e  t h e  v a l i d i t y  o f  t h i s  a p p r o a c h  f o r  t h e  
i s o l a t i o n  o f  R - r e l a t e d  s e q u e n c e s  i n  d i f f e r e n t  s p e c i e s .   H o w e v e r ,  n o t h i n g  i s  k n o w n  
y e t  a b o u t  t h e  p o t e n t i a l  f u n c t i o n  o f  t h i s  l o c u s  i n  c r o w n  r u s t  r e s i s t a n c e .  
T h e  p o l y m o r p h i c  m a r k e r s  i d e n t i f i e d  i n  t h i s  c h a p t e r ,  w i l l  b e  u s e d  f o r  l i n k a g e  
m a p  c o n s t r u c t i o n .   I n  C h a p t e r  5 ,  t h e  m a p  c o n s t r u c t i o n  i n  t h e  L .  p e r e n n e  
p o p u l a t i o n  w i l l  b e  d i s c u s s e d ;  i n  C h a p t e r  7 ,  t h e  m a p  c o n s t r u c t i o n  i n  t h e  t w o  o t h e r  
p o p u l a t i o n s .   A  n u m b e r  o f  S S R  a n d  S T S  m a r k e r s  a r e  p o l y m o r p h i c  i n  t h e  t h r e e  
p o p u l a t i o n s  u s e d  i n  t h e  p r e s e n t  s t u d y .   T h e s e  m a r k e r s  w i l l  s e r v e  a s  a  b a s i s  t o  
a l i g n  t h e  d i f f e r e n t  m a p s .   I n  t h e  L .  p e r e n n e  p o p u l a t i o n ,  t h e  h e t e r o l o g o u s  R F L P  
p r o b e s  w i l l  b e  u s e d  t o  a l i g n  t h e  L o l i u m  m a p  w i t h  o t h e r  G r a m i n e a e  m a p s .   
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Chapter 5 
Linkage map construction in the 
 L. perenne population and alignment with 
related linkage maps 
5.1 Introduction 
Determination of the number and distribution of the genetic loci controlling a 
trait of agronomic importance is facilitated when knowledge on the genome 
organization of the species is available.  Locating these loci in the genome can 
easily be achieved for simple heritable monogenic traits, but is also possible for 
polygenic traits based on more loci.  In the latter case, large segregating 
populations are required to construct a genetic linkage map and to unravel the 
number of loci involved in the trait (Hayward et al., 1998; Jeuken et al., 2001).  A 
genetic linkage map graphically represents the arrangement of the numerous loci, 
which may include morphological, isozyme and DNA markers, along the 
chromosome.  The distance between these loci is expressed in centimorgans 
(cM), representing the recombination rates between the loci (1 cM = 1% 
recombination).  Genetic linkage maps, thus, report the linear order of markers 
and the recombination frequency between linked markers.  They do not contain 
information on physical distance, neither cytological distance nor number of 
DNA base pairs between markers, because the recombination frequencies vary 
along the length of the chromosome.  For example, the regions near the 
centromeres show suppressed recombination, which is reflected in the clustering 
of markers (Kumar, 1999).   
There are four well-defined steps in the construction of a genetic linkage map: 
1) development of markers and identification of polymorphic ones; 2) 
establishment of a segregating population (the parents should be genetically 
divergent enough to exhibit sufficient polymorphisms and at the same time 
should not be so far apart so as to cause sterility of the progeny); 3) 
fingerprinting of the parents and the progeny with markers displaying 
polymorphism in this population; 4) ordering of markers (recombination 
frequencies and their standard errors for all pair-wise comparisons between loci 
are estimated using the maximum likelihood method and map units are calculated 
C h a p t e r  5  
9 4  
u s i n g  a  m a p  f u n c t i o n )  ( R i t t e r  a n d  S a l a m i n i ,  1 9 9 6 ;  K u m a r ,  1 9 9 9 ;  V a n  O o i j e n  &  
V o o r r i p s ,  2 0 0 1 ) .  
I n  T a b l e  5 . 1 ,  t h r e e  d i f f e r e n t  m a p p i n g  s t r a t e g i e s  a r e  c o m p a r e d .   I n  t h e  m a j o r i t y  
o f  c a s e s ,  t h e  p u b l i s h e d  g e n e t i c  m a p s  a r e  o f  i n b r e e d i n g  s p e c i e s  a n d  m a p p i n g  
p o p u l a t i o n s  a r e  d e r i v e d  f r o m  i n b r e d  l i n e s .   I n  t h i s  c a s e ,   k n o w l e d g e  o f  t h e  
l i n k a g e  p h a s e  b e t w e e n  h e t e r o z y g o u s  l o c i  c a n  b e  d e d u c e d  f r o m  t h e  p a r e n t a l  p l a n t s  
( M a l i e p a a r d  e t  a l . ,  1 9 9 7 ) .   I n  h e t e r o z y g o u s  o u t b r e e d i n g  s p e c i e s  s u c h  a s  
r y e g r a s s e s ,  p o t a t o ,  s u g a r  b e e t ,  a p p l e  …  d i f f i c u l t i e s  i n  m a p p i n g  h a v e  b e e n  
e n c o u n t e r e d  i n  c a s e s  w h e r e  a l t e r n a t i v e  l i n k a g e  p h a s e s  h a v e  t o  b e  c o n s i d e r e d  
( H a y w a r d  e t  a l . ,  1 9 9 8 ) .   O n e  w a y  t o  c i r c u m v e n t  t h e s e  d i f f i c u l t i e s  i s  t o  m a t e  a  
h o m o z y g o u s  ( e . g .  d o u b l e d  h a p l o i d )  o r  a  n e a r - h o m o z y g o u s  p l a n t  ( i n b r e d  l i n e )  
w i t h  a  h e t e r o z y g o u s  p l a n t ,  t h e  s o  c a l l e d  o n e - w a y  p s e u d o - t e s t c r o s s .   H o w e v e r ,  
s e l f - i n c o m p a t i b i l i t y  m a y  b l o c k  t h e  p o s s i b i l i t y  t o  c o n s t r u c t  n e a r -  h o m o z y g o u s  
p l a n t s .   T h i s  i s  t h e  c a s e  i n  r y e g r a s s ,  a s  i t  i s  a n  o b l i g a t e  o u t b r e e d e r  w i t h  a  
g a m e t o p h y t i c  s e l f - i n c o m p a t i b i l i t y  s y s t e m  c o n t r o l l e d  b y  t h e  l o c i  S  a n d  Z  ( C o r n i s h  
e t  a l . ,  1 9 7 9 ) .   I n  a d d i t i o n ,  t h e  p r o d u c t s  o f  d o u b l e  h a p l o i d i z a t i o n  a n d  f o r c e d  
s e l f i n g  a r e  o f t e n  p l a n t s  d i s p l a y i n g  s e v e r e  i n b r e e d i n g  d e p r e s s i o n .   T o  o v e r c o m e  
s u c h  a  p r o b l e m ,  a  s t a t i s t i c a l  p r o c e d u r e  h a s  b e e n  d e v e l o p e d  f o r  t h e  e s t i m a t i o n  o f  
r e c o m b i n a t i o n  f r e q u e n c i e s  f r o m  p o p u l a t i o n s  o b t a i n e d  b y  c r o s s i n g  t w o  
h e t e r o z y g o u s  p a r e n t s ,  t h e  s o - c a l l e d  t w o - w a y  p s e u d o - t e s t c r o s s .   I n  t h i s  s t r a t e g y ,  
l i n k a g e  a n a l y s i s  i s  c a r r i e d  o u t  f o r  e a c h  p a r e n t  s e p a r a t e l y .   T h e  p a r e n t a l  m a p s  a r e  
i n t e g r a t e d  b a s e d  o n  t h e  a v a i l a b i l i t y  o f  m a r k e r s  h e t e r o z y g o u s  i n  b o t h  p a r e n t s .   
T h e y  f u n c t i o n  a s  a l l e l i c  b r i d g e s  ( G r a t t a p a g l i a  a n d  S e d e r o f f ,  1 9 9 4 ;  R i t t e r  a n d  
S a l a m i n i ,  1 9 9 6 ;  M a l i e p a a r d  e t  a l . ,  1 9 9 8 ) .    
T h e  d i f f e r e n c e s  f o r  l i n k a g e  a n a l y s i s  w i t h i n  a  F
2
 s t r a t e g y  a n d  a  t w o - w a y  
p s e u d o - t e s t c r o s s ,  a r e  d u e  t o  t h e  n u m b e r  o f  s e g r e g a t i n g  a l l e l e s  p e r  l o c u s  a n d  t h e  
l i n k a g e  p h a s e  o f  t h e  a l l e l e s  a t  d i f f e r e n t  l o c i  ( R i t t e r  a n d  S a l a m i n i ,  1 9 9 6 ;  
M a l i e p a a r d  e t  a l . ,  1 9 9 7 ) .   A t  o n e  l o c u s  o n e  m a y  f i n d  u p  t o  f o u r  a l l e l e s ,  a n d  t h i s  
m a y  v a r y  b e t w e e n  l o c i ,  w h i l e  t h e  l i n k a g e  p h a s e s  a r e  u s u a l l y  u n k n o w n  w h a t  
c o m p l i c a t e s  t h e  d e t e c t i o n  o f  r e c o m b i n a t i o n  e v e n t s .   T h e  p r e s e n c e  o f  n u l l - a l l e l e s  
i n  t h e  p a r e n t s  o f  a  t w o - w a y  p s e u d o - t e s t c r o s s  l e a d s  t o  d o m i n a n c e ,  i . e .  t w o  
p a r t i c u l a r  g e n o t y p e s  c a n n o t  b e  d i s t i n g u i s h e d  b y  p h e n o t y p e .   I n  t h i s  w a y ,  t h e r e  
a r e  s e v e n  d i s t i n c t  s e g r e g a t i o n  t y p e s  p r o v i d i n g  r e c o m b i n a t i o n  i n f o r m a t i o n  i n  a  
t w o - w a y  p s e u d o - t e s t c r o s s  ( M a l i e p a a r d  e t  a l . ,  1 9 9 7 ) .    
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Table 5.1 : Overview of three different mapping strategies.  The population usually used for 
map construction is given in bold. 
 Mapping strategy 
 F2 One-way pseudo-testcross 
(or BC1 type) 
Two-way pseudo-testcross 
Parent plants 2 homozygotes 
AA x BB 
1 heterozygote and 
1double haploid (or 
homozygote) 
AB x CC 
2 heterozygotes 
AB x CD 
F1 population AB AC:BC AC:AD:BC:BD 
F2 population AA:AB:BB   
 
However, these difficulties do not hamper the construction of genetic maps for 
outcrossing species by the two-way pseudo-testcross.  This method is becoming 
fairly commonly used (apple, Maliepaard et al., 1998; roses, Debener and 
Mattiesch, 1999; onion, van Heusden et al., 2000; poplar, Wu et al., 2000; 
chestnut, Casasoli et al., 2001; kiwifruit, Testolin et al., 2001).  The increasing 
availability of genetic maps for outbreeders is also due to the development of 
software, like JoinMap version 3.0 (Van Ooijen and Voorrips, 2001), able to 
handle this kind of linkage data. 
Several linkage maps for Lolium spp. are being developed at different 
institutes.  A (probably) incomplete overview of published and unpublished 
maps is given in Table 5.2.  To date, published linkage maps for Lolium spp. 
have been based on one of three segregating populations (Hayward et al., 1994 
and 1998; Bert et al., 1999; Jones et al., 2002a, 2002b; Armstead et al., 2002).  
Two populations were developed by crossing a double haploid plant (DH) with a 
heterozygous plant, named the one-way pseudo-testcross strategy.  By using a 
DH parent, the construction of two parental maps and their integration is 
avoided.  The population described by Hayward et al. (1998) showed short 
longevity, due to presence of genes from the short-lived predominantly biennial 
species L. multiflorum.  The maps of Bert et al. (1999) and Jones et al. (2002a, 
2002b) were based on a more recently constructed segregating population 
(p150/112), derived from a cross between a DH and a heterozygous L. perenne 
plant.  The map constructed using this population serves nowadays as the 
reference map of Lolium, and is referred to as the ILGI map (International 
C h a p t e r  5  
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 Lolium Genome Initiative).  The third map published by Armstead et al. (2002) 
is based on a F2 population obtained by selfing a F1 plant, which was in turn 
selected out of a cross between highly distinct inbred lines.  More genetic maps 
are currently under development in different laboratories.  In the present study 
we opted to use a two-way pseudo-testcrosses in order to avoid inbreeding 
depression or self-incompatibility problems and to be able to choose parent 
plants with contrasting phenotypes for the trait studied. 
In this project, we aim to compare our map to ongoing mapping projects in 
Lolium and to identify syntenic relationships between Lolium and other 
Gramineae species.  Many Poaceae (rice, maize, pearl millet, foxtail millet, 
maize, sorghum, wheat, barley and rye) show a high level of conserved synteny 
and colinearity (Gale and Devos, 1998).  Specially the genetic structure of maps 
of wheat, barley and oat is similar  (Namut et al., 1994; Van Deynze et al., 1995a, 
1995b; Dubcovsky et al., 1996).  These three species belong to the Pooideae as 
Lolium does.  The establishment of syntenic relationships between species 
enables the transfer of genetic information from well-studied species such as rice 
to less studied species as L. perenne.  Jones et al. (2002a) reported the alignment 
of a L. perenne map with the Triticeae consensus map.  They observed synteny 
between the genetic maps of L. perenne, oat, rice and the Triticeae.  As a number 
of heterologous RLFP probes are included in the genetic map presented in this 
Chapter, a comparison will be made with the genetic maps of the Triticeae, oat 
and rice. 
 
5.2 Objectives and rationale 
We aimed to construct a genetic linkage map for Lolium perenne based on 
RFLP, AFLP, SSR and STS markers using the two-way pseudo-testcross 
approach.  The F1 population was genotyped using the polymorphic markers 
described in Chapter 4 and using the AFLP markers generated in the BSA 
analysis (Chapter 3).  Our objective was to have a skeletal map with good 
genome coverage.  This map will be used for several purposes.  First, the map 
will be aligned with publicly available linkage maps of Lolium.  The common 
RFLP, SSR and STS markers will be useful tools for alignment.  Secondly, the 
RFLP data using heterologous probes derived from wheat, barley, oat, maize and 
rice, allow the alignment with the Triticeae consensus map and the search for 
C h a p t e r  5  
9 8  
s y n t e n i c  r e l a t i o n s h i p s  b e t w e e n  G r a m i n e a e .   T h i r d l y ,  t h e  l o c a t i o n  o f  t h e  m a r k e r s  
s e l e c t e d  i n  t h e  B S A  a n a l y s i s  w i l l  b e  d e t e r m i n e d ,  i d e n t i f y i n g  g e n o m i c  r e g i o n s  
i n v o l v e d  i n  c r o w n  r u s t  r e s i s t a n c e .   F i n a l l y ,  t h e  a v a i l a b i l i t y  o f  a  m a p  f o r  a  
p o p u l a t i o n  s e g r e g a t i n g  f o r  c r o w n  r u s t  r e s i s t a n c e ,  e n a b l e s  t h e  a c c e l e r a t i o n  o f  t h e  
i d e n t i f i c a t i o n  o f  t h e  n u m b e r  a n d  l o c a t i o n  o f  t h e  g e n e t i c  f a c t o r s  i n v o l v e d  i n  t h i s  
t r a i t .   I n  C h a p t e r  6 ,  t h i s  l i n k a g e  m a p  w i l l  b e  c o m b i n e d  w i t h  c r o w n  r u s t  r e s i s t a n c e  
d a t a  i n  a  Q T L - a p p r o a c h  i n  o r d e r  t o  i d e n t i f y  g e n o m i c  r e g i o n s ,  o t h e r  t h a n  t h o s e  
i d e n t i f i e d  i n  t h e  B S A  a p p r o a c h ,  i n v o l v e d  i n  t h e  d e t e r m i n a t i o n  o f  t h e  t r a i t .  
 
5 . 3  M a t e r i a l  a n d  m e t h o d s  
5 . 3 . 1  G e n e r a t i o n  o f  m a r k e r  d a t a  
M a r k e r  d a t a  w e r e  g e n e r a t e d  o n  t h e  L .  p e r e n n e  m a p p i n g  p o p u l a t i o n  o f  2 5 2  
p l a n t s  a s  d e s c r i b e d  i n  C h a p t e r  2 .   G e n e t i c  d a t a  w e r e  o b t a i n e d  f o r  a n  a v e r a g e  o f  
2 0 6  F
1
 g e n o t y p e s  ( w i t h  a  r a n g e  f r o m  3 5  t o  2 5 2 ) .   A F L P ,  S S R ,  S T S  a n d  R F L P  
f i n g e r p r i n t s  w e r e  g e n e r a t e d  a s  d e s c r i b e d  i n  C h a p t e r s  3  a n d  4 .   A l l  s e g r e g a t i n g  
D N A - f r a g m e n t s  w e r e  s c o r e d  d o m i n a n t l y ,  i . e .  f o r  p r e s e n c e  o r  a b s e n c e  o f  t h e  
d e t e c t e d  b a n d ,  a n d  t h e  p a r e n t a l  o r i g i n  o f  t h e  m a r k e r s  w a s  a l s o  r e c o r d e d .   E v e n  
f o r  t h o s e  m a r k e r - s y s t e m s  g e n e r a t i n g  c o - d o m i n a n t  m a r k e r s  ( R F L P ,  S S R  a n d  
S T S ) ,  a l l  D N A - b a n d s  w e r e  f i r s t  s c o r e d  s e p a r a t e l y  a s  d o m i n a n t  m a r k e r s .   D N A -
f r a g m e n t s  w e r e  c l a s s i f i e d  i n t o  t h r e e  d i f f e r e n t  g r o u p s  o n  t h e  b a s i s  o f  t h e i r  
s e g r e g a t i o n  m o d e l :  ( 1 )  a - x - - :   i n f o r m a t i v e  f o r  t h e  T C 1  g a m e t e s  o n l y  ( S B 2  
g e n o t y p e  h o m o z y g o u s ) ,  ( 2 )  - - x a - :  i n f o r m a t i v e  f o r  t h e  S B 2  g a m e t e s  o n l y  ( T C 1  
g e n o t y p e  h o m o z y g o u s )  a n d  ( 3 )  a - x a - :  h e t e r o z y g o u s  i n  b o t h  p a r e n t s .   A  f i r s t  
l i n k a g e  a n a l y s i s  u s i n g  J o i n M a p  3 . 0  ( V a n  O o i j e n  a n d  V o o r r i p s ,  2 0 0 1 )  w a s  b a s e d  
o n  t h i s  i n f o r m a t i o n .  
A f t e r  t h i s  f i r s t  l i n k a g e  a n a l y s i s ,  R F L P ,  S S R  a n d  S T S  m a r k e r s  w e r e  s c o r e d  c o -
d o m i n a n t l y  i f  t h e  b a n d s  d e t e c t e d  w i t h  t h e  s a m e  R F L P  p r o b e  o r  g e n e r a t e d  w i t h  
t h e  s a m e  S T S  o r  S S R  p r i m e r  c o m b i n a t i o n  m a p p e d  i n  t h e  s a m e  l i n k a g e  g r o u p .   
U s i n g  t h i s  i n f o r m a t i o n ,  s i x  m a r k e r  c l a s s e s  w e r e  t h e n  d e f i n e d :  ( 1 )  a - x - - ,  ( 2 )  - - x a - ,  
( 3 )  a - x a - ,  ( 4 )  a b x a b ,  ( 5 )  a b x a c ,  ( 6 )  a b x c d .   C l a s s  3  m a r k e r s  w e r e  n o t  i n c l u d e d  i n  
t h e  l i n k a g e  a n a l y s i s ,  a s  s u c h  m a r k e r s  c o n t r i b u t e  l i t t l e  i n f o r m a t i o n  t o  t h e  m a p .   
R e c o m b i n a t i o n  f r e q u e n c y  e s t i m a t e s  o b t a i n e d  w i t h  s u c h  m a r k e r s  a r e  t y p i c a l l y  
i n a c c u r a t e  ( M a l i e p a a r d  e t  a l . ,  1 9 9 8 ) .  
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5.3.2 Segregation analysis 
The c2 test integrated in JOINMAP3.0 software (Van Ooijen and Voorrips, 
2001) was used to estimate departures from expected segregation ratios: 1:1 
segregation (markers in classes 1 and 2), 1:2:1 if only two alleles were involved 
(marker class 4), or 1:1:1:1 if three or four alleles were involved (marker classes 
5 and 6).     
 
5.3.3 Linkage analysis and map construction 
In the two-way pseudo-testcross, the total data set is divided into two separate 
data sets, one for each parent.  In the first round, distorted markers (P<0.001) 
were omitted from the analysis.  Markers were grouped into linkage groups at 
LOD equal or higher than 4 using JoinMap version 3.0 (Van Ooijen and 
Voorrips, 2001).  Markers of classes 4, 5 and 6 were used to identify homologies 
and to integrate the TC1 and SB2 parental linkage groups.  Marker order was 
calculated at LOD = 1.00 and recombination threshold value (REC) of 0.40.  Map 
distances were calculated using the Kosambi function.  In a second step, 
distorted markers and markers unmapped during the first step, were included in 
the map only if the map order was not drastically affected.  In some cases a LOD 
= 0.01 and REC = 0.499 had to be used to integrate these markers. 
 
5.3.4 Comparative mapping 
Comparative mapping was done as described by Jones et al. (2002a).  The 
comparative location of probes in the Triticeae and rice genomes were as 
reported by Jones et al. (2002a) and/or ascertained using the Graingenes 
(http://grain.jouy.inra.fr/ggpages/) and Gramene (http://www.gramene.org/) 
databases. 
 
5.4 Results and discussion 
5.4.1 Marker analysis 
During the BSA analysis, the L. perenne mapping population was 
fingerprinted using four primer combinations (Chapter 3).  These AFLP primer 
C h a p t e r  5  
1 0 0  
c o m b i n a t i o n s  ( P C )  g e n e r a t e d ,  n e x t  t o  t h e  p u t a t i v e l y  R - l i n k e d  m a r k e r s ,  a  h i g h  
n u m b e r  o f  A F L P  m a r k e r s  u s e f u l  f o r  m a p p i n g  s t u d i e s .   A  t o t a l  o f  e i g h t  P C  ( 5  
E c o R I - M s e I  P C  a n d  3  H i n d I I I - M s e I  P C )  w e r e  r u n  a n d  r e s u l t e d  i n  2 7 0  
p o l y m o r p h i c  A F L P  m a r k e r s  ( T a b l e  5 . 3 ) .   A l t h o u g h  a l l  p o l y m o r p h i c  f r a g m e n t s  
b e t w e e n  7 5  a n d  4 5 0  b p  w e r e  a s s e s s e d  f o r  s e g r e g a t i o n ,  a p p r o x i m a t e l y  5 0 %  o f  t h e  
m a r k e r s  s e l e c t e d  f o r  m a p p i n g  w e r e  c o n c e n t r a t e d  i n  t h e  r a n g e  b e t w e e n  7 5  a n d  1 7 5  
b p  ( F i g .  5 . 1 ) .   N e x t  t o  A F L P  m a r k e r s ,  4 6  S S R s ,  5  S T S  a n d  2 9  R F L P s ,  
p o l y m o r p h i c  i n  t h e  L .  p e r e n n e  m a p p i n g  p o p u l a t i o n  ( C h a p t e r  4 )  w e r e  t e s t e d  o n  
t h e  w h o l e  p o p u l a t i o n .  
 
T a b l e  5 . 3  :  N u m b e r  o f  p o l y m o r p h i c  m a r k e r s  g e n e r a t e d  w i t h  t h e  d i f f e r e n t  
A F L P  p r i m e r  c o m b i n a t i o n s  ( P C ) .   F o r  e a c h  P C ,  s e l e c t i v e  n u c l e o t i d e s  o f  
t h e  A F L P  p r i m e r s  a n d  n u m b e r  o f  p u t a t i v e l y  l i n k e d  R  m a r k e r s  s e l e c t e d  
d u r i n g  B S A  i s  g i v e n .   
P r i m e r  C o m b i n a t i o n  p o l y m o r p h i c  m a r k e r s  R  m a r k e r s  
1  
8  
2 6  
7 8  
1 0 6  
1 6 8  
4 0 0  
4 0 7  
E c o R I - A C G - M s e I - C A A   
E c o R I - A A C - M s e I - C A C  
E c o R I - A C A - M s e I - C A T  
E c o R I - A A G - M s e I - G C C  
E c o R I - A C G - M s e I - G G C  
H i n d I I I - T G G - M s e I - C A T  
H i n d I I I - T A C - M s e I - G A T  
H i n d I I I - T G C - M s e I - G T T  
2 9  
3 6  
3 9  
2 5  
2 8  
2 5  
4 6  









 T o t a l  n u m b e r   
M e a n  n u m b e r / P C  
2 7 0  
3 4  
6  
 
5 . 4 . 2  S e g r e g a t i o n  a n a l y s i s  
T h e  l a w  o f  s e g r e g a t i o n ,  w h i c h  i s  t h e  m o s t  f u n d a m e n t a l  l a w  i n  M e n d e l i a n  
g e n e t i c s ,  r e l i e s  o n  a  p r e d i c t a b l e  t r a n s m i s s i o n  o f  a l l e l e s  f r o m  a  p a r e n t  t o  i t s  
o f f s p r i n g ,  a n d  o n  a  p r e d i c t a b l e  f o r m a t i o n  o f  g e n o t y p e s  f r o m  t h e  t r a n s m i t t e d  
a l l e l e s .   S e g r e g a t i o n  d i s t o r t i o n  i s  d e f i n e d  a s  a  d e v i a t i o n  o f  t h e  o b s e r v e d  g e n o t y p i c  
f r e q u e n c i e s  f r o m  t h e i r  e x p e c t e d  v a l u e s .    
A  c
2
 t e s t  w a s  p e r f o r m e d  t o  t e s t  t h e  n u l l  h y p o t h e s i s  o f  M e n d e l i a n  s e g r e g a t i o n  
o n  a l l  s c o r e d  m a r k e r s .   I n  F i g .  5 . 2 ,  a n  o v e r v i e w  i s  g i v e n  o f  t h e  p r o p o r t i o n  o f  
d i s t o r t e d  m a r k e r s  f o r  e a c h  o f  t h e  m a r k e r  t e c h n i q u e s  e m p l o y e d .   O v e r a l l ,  6 8 %  o f  
t h e  m a r k e r s  d i d  n o t  s h o w  d i s t o r t e d  s e g r e g a t i o n  ( P > 0 . 0 5 ) .   S e g r e g a t i o n  d i s t o r t i o n   
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Fig. 5.1 : Frequency distribution of the size of polymorphic AFLP 
markers generated with eight AFLP primer combinations run on the L. 
perenne mapping population. 
 
has been reported in a wide range of plant species (Casasoli et al., 2001; Testolin 
et al., 2001) including Lolium (Hayward et al., 1998; Bert et al., 1999; Jones et al., 
2002a&b; Armstead et al., 2002; Thorogood et al., 2002).  Hayward et al. (1998) 
reported that 20% of the markers displayed distorted segregation at P<0.01; in 
Jones et al. (2002a) 32% of the markers displayed distorted segregation at P<0.05 
(excluding the AFLPs); Armstead et al. (2002) reported 36% distorted markers at 
P<0.05.  These figures are in the same range as the percentage obtained in the 
present study at P<0.05 using the whole data set (32%).  However, at P<0.01 15% 
of the markers mapped by Jones et al. (2002a) were distorted while at this 
significance level 22% distorted markers is found in the present study.  This high 
percentage can be related to the inclusion of ALFP markers in our study.  AFLP 
markers have the highest proportion of distorted markers among the different 
marker techniques (Fig. 5.2).  
Segregation distortion can be due to different reasons; statistical error, 
































































































































C h a p t e r  5  
1 0 2  
s t u d y ,  g e n o t y p i n g  a n d  s c o r i n g  e r r o r s  c a n  b e  o n e  o f  t h e  r e a s o n s  f o r  s k e w e d  
m a r k e r s .   F o r t y - f o u r  m a r k e r s  w e r e  s k e w e d  t o w a r d s  e x c e s s  o f  t h e  m a r k e r .   T h i s  
c a n  b e  d u e  t o  t h e  s u p e r i m p o s i t i o n  o n  t h e  g e l s  o f  n o n - a l l e l i c  a m p l i f i e d  p r o d u c t s  
c o r r e s p o n d i n g  t o  d i f f e r e n t  l o c i  ( f r a g m e n t  h o m o p l a s y ,  a s  h a s  b e e n  d e m o n s t r a t e d  
b y  V e k e m a n s  e t  a l . ,  2 0 0 2  f o r  A F L P  m a r k e r s ) .   T h i r t y - f o u r  m a r k e r s  d e v i a t e d  
t o w a r d s  a b s e n c e  o f  t h e  m a r k e r .   T h e s e  A F L P  m a r k e r s  t e n d e d  t o  b e  f r a g m e n t s  
w i t h  a  f a i n t  a m p l i f i c a t i o n .   B i o l o g i c a l  r e a s o n s  f o r  s e g r e g a t i o n  d i s t o r t i o n  c a n  b e  
f o u n d  i n  p o l l e n  t u b e  c o m p e t i t i o n ,  p o l l e n  l e t h a l s ,  p r e f e r e n t i a l  f e r t i l i z a t i o n  a n d  
s e l e c t i v e  e l i m i n a t i o n  o f  z y g o t e s  ( L u  e t  a l . ,  2 0 0 2 ) .   T h e s e  b i o l o g i c a l  r e a s o n s  f o r  





















F i g .  5 . 2 :  S e g r e g a t i o n  d i s t o r t i o n  i n  t h e  A F L P ,  S S R ,  S T S  a n d  R F L P  m a r k e r s  g e n e r a t e d  i n  t h e  L .  
p e r e n n e  m a p p i n g  p o p u l a t i o n .  
S T S  m a r k e r s
( t o t a l  n u m b e r  =  1 0 )
A F L P  m a r k e r s
( t o t a l  n u m b e r  =  2 7 0 )
p > 0 . 1
0 . 0 5 < p < 0 . 1
0 . 0 1 < p < 0 . 0 5
0 . 0 0 5 < p < 0 . 0 1
0 . 0 0 1 < p < 0 . 0 0 5
0 . 0 0 0 5 < p < 0 . 0 0 1
0 . 0 0 0 1 < p < 0 . 0 0 0 5
0 . 0 0 0 0 5 < p < 0 . 0 0 0 1
R F L P  m a r k e r s
( t o t a l  n u m b e r  =  5 4 )
S S R  m a r k e r s
( t o t a l  n u m b e r  =  4 7 )
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5.4.3 Linkage analysis and map construction 
Map construction was carried out according to the two-way pseudo-testcross 
procedure.  During preliminary map construction, distorted markers (P<0.001) 
and class 3 markers (a-xa- see 5.3.1) were omitted.  Merging of the TC1 and SB2 
map using class 3 markers as allelic bridges can not be performed accurately as 
simulation experiments have shown that these markers are very limited in 
producing precise and unbiased estimates of recombination frequencies (Wu et 
al., 2000).   
A total of 237 markers were included in this preliminary analysis: 36% derived 
from the susceptible parent, 44% from the resistant parent and 20% were 
heterozygous in both parents.  The TC1 map contained 7 linkage groups, 
including 92 markers.  The SB2 map contained 7 linkage groups including 90 
markers.   
Using less stringent conditions (LOD=0.01 and REC=0.499), markers that were 
not mapped in the first round were added without changing the marker order 
drastically.  Twenty-three distorted markers (P<0.01) were added without a 
major change in marker order.  The integrated map, obtained by aligning the 
parental maps on the basis of allelic bridges is presented in Fig. 5.3.  It was not 
possible to integrate linkage group 7S (from the SB2 parental map) with linkage 
group 7T (from the TC1 parental map) as just one allelic bridge is present 
(BCD147).  After inspection of the ILGI map and the map published by 
Armstead et al. (2002), 9 SSR markers and 17 RFLP markers situated on LG 7 
are potential markers suitable for integration.  This represents a priority of future 
developments with this linkage map.   
 
5.4.4 Genome coverage and marker distribution 
The L. perenne genetic map is generated from 252 individuals, spans 833 cM 
and consists of 230 loci.  The mean distance between two consecutive loci is 3.62 
cM.  Assuming that linkage group 7S and 7T represent the same chromosome, 
we can say that the integrated map represents the Lolium genome with its seven 
chromosomes.  The length of the LGs vary from 83 till 159 cM (neglecting LG 
7S, which spans 40 cM).  Gaps between two adjacent markers  
  
C h a p t e r  5  
1 0 4  
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F i g .  5 . 3 :  G e n e t i c  l i n k a g e  m a p  f o r  t h e  L .  p e r e n n e  c r o s s  b a s e d  o n  S S R ,  R F L P ,  S T S  a n d  A F L P  
m a r k e r s .   A F L P s  h a v e  p r e f i x  P C ;  R F L P s  h a v e  p r e f i x  X ;  E S T s  a r e  i n d i c a t e d  i n  b o l d ;  a n d  S S R s  
h a v e  a  p r e f i x  l p ,  r y e  o r  u n i ;  A F L P  m a r k e r s  s e l e c t e d  d u r i n g  t h e  B S A  a n a l y s i s  a s  b e i n g  
s i g n i f i c a n t l y  a s s o c i a t e d  w i t h  c r o w n  r u s t  r e s i s t a n c e  s t a r t  w i t h  P C  a n d  e n d  w i t h  – R x  ( w i t h  x  =  
n u m b e r ) .   D i s t o r t e d  m a r k e r s  ( P < 0 . 0 0 1 )  a r e  m a r k e d  w i t h  * .   L i n k a g e  g r o u p s  a r e  n u m b e r e d  
a c c o r d i n g  t o  t h e  I L G I  l i n k a g e  m a p .  
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Fig. 5.3 : continued 
 
exceeding 20 cM were found on LG 2, LG 6 and LG 7T.  The genetic map 
consists of 28 markers per linkage group, considering LG 7T an dLG 7S as 
separate linkage groups.  A maximum of 48 markers was found on LG 1 and a 
minimum of 18 on LG 6 (neglecting LG7S, with 14 markers).   
Twenty-three of the mapped loci deviated significantly from the expected 
Mendelian segregation ratios.  Segregation distortion in Lolium has been reported 
by several authors : Jones et al. (2002a) found distortion mainly in LG3, LG4 and 
LG5; Bert et al. (1999) observed for the same mapping population segregation 
distortion in LG 3 near the GOT/3 locus; Hayward et al. (1998) reported 
segregation distortion in LG1 and LG3; Thorogood et al. (2002) reported 
C h a p t e r  5  
1 0 6  
s e g r e g a t i o n  d i s t o r t i o n  i n  L G 3  a n d  A r m s t e a d  e t  a l .  ( 2 0 0 2 )  i n  L G 5  a n d  L G 7 .   I n  t h e  
p r e s e n t  s t u d y  a  h i g h  n u m b e r  o f  d i s t o r t e d  m a r k e r s  w a s  f o u n d  i n  L G 1  ( 8  m a r k e r s )  
a n d  L G 2  ( 6  m a r k e r s ) ,  b u t  t h e  h i g h e s t  p e r c e n t a g e  o f  d i s t o r t e d  m a r k e r s  i s  f o u n d  i n  
L G 6 :  4  o u t  o f  1 8  m a r k e r s  a r e  d i s t o r t e d .   L G 1  a n d  L G 2  r e p r e s e n t  t h e  
c h r o m o s o m e s  w h e r e  S  a n d  Z  h a v e  b e e n  m a p p e d  b y  T h o r o g o o d  e t  a l .  ( 2 0 0 2 ) .   I n  
L G 2 ,  a l l  d i s t o r t e d  l o c i  ( e x c e p t  r y e 0 2 4 _ b )  m a p  i n  t h e  p r o x i m i t y  o f  t h e  Z  l o c u s ,  
s i t u a t e d  n e a r  t o  B C D 1 3 5 .   T h e  p r e s e n c e  o f  t h e  h i g h  n u m b e r  o f  d i s t o r t e d  l o c i  i n  
t h i s  r e g i o n  c a n  b e  e x p l a i n e d  b y  t h e  S I  s y s t e m  p r e s e n t  i n  L o l i u m  s p p .   H o w e v e r ,  
j u s t  t h r e e  o u t  o f  t h e  8  d i s t o r t e d  l o c i  o n  L G  1  m a p  c l o s e  t o  t h e  S  l o c u s ,  s i t u a t e d  i n  
t h e  p r o x i m i t y  o f  C D O 8 9  a n d  O S E .   I n   L G  1  a n d  i n  L G 6 ,  d i s t o r t i o n  c a n  b e  m o r e  
a t t r i b u t e d  t o  t h e  p r e s e n c e  o f  a  v i a b i l i t y  g e n e ,  a s  a l s o  s u g g e s t e d  b y  T h o r o g o o d  e t  
a l .  ( 2 0 0 2 )  o n  L G 3 .   I n  t h e  a v a i l a b l e  p u b l i s h e d  m a p s ,  s e g r e g a t i o n  d i s t o r t i o n  
a p p e a r s  i n  d i f f e r e n t  L G s .   T h i s  i n d i c a t e s  t h a t  a t  d i f f e r e n t  r e g i o n s  o f  t h e  g e n o m e ,  
g e n e s  a r e  l o c a t e d  h a v i n g  i n f l u e n c e  i n  g e n e r a t i o n  a n d  s u r v i v a l  o f  t h e  p r o g e n y .   
T h e  t h e o r e t i c a l  g e n o m e  l e n g t h  c a n  b e  e s t i m a t e d  f r o m  t h e  o b s e r v e d  m e a n  
c h i a s m a  f r e q u e n c y .   N a y l o r  e t  a l .  ( 1 9 6 0 )  o b s e r v e d  i n  a n  i n t e r s p e c i f i c  c r o s s ,  L .  
p e r e n n e  x  L .  m u l t i f l o r u m ,  a  m e a n  c h i a s m a  f r e q u e n c y  p e r  c h r o m o s o m e  o f  1 . 7 .   
T h i s  i n d i c a t e s  t h a t  t h e  e x p e c t e d  s i z e  o f  a  g e n e t i c  m a p  o f  L o l i u m  i s  1 1 9 0  c M .   T h e  
p r e s e n t e d  m a p  s p a n s  8 3 3  c M  c o v e r i n g  i n  t h i s  w a y  7 0 %  o f  t h e  w h o l e  g e n o m e .   
T h e  p a r t i a l  c o v e r a g e  i s  a l s o  i n d i c a t e d  b y  t h e  s u b s t a n t i a l  n u m b e r  o f  m a r k e r s  ( 1 5 2  
o u t  o f  3 8 2 )  t h a t  w e r e  n o t  g r o u p e d  i n t o  a  l i n k a g e  g r o u p .   A d d i t i o n a l ,  p r e f e r e n t i a l l y  
c o - d o m i n a n t  m a r k e r s  a r e  n e e d e d  t o  i n t e g r a t e  t h e s e  u n g r o u p e d  m a r k e r s  i n t o  t h e  
c u r r e n t  l i n k a g e  m a p .    
 
5 . 4 . 5  M a p p i n g  o f  d i f f e r e n t  m a r k e r  t y p e s  
T h e  m a r k e r  t y p e s ,  u s e d  t o  c o n s t r u c t  t h e  m a p ,  a r e  d i s t r i b u t e d  o v e r  t h e  d i f f e r e n t  
l i n k a g e  g r o u p s .   A  t o t a l  o f  1 4 0  A F L P  m a r k e r s  w e r e  i n c o r p o r a t e d  i n  t h e  m a p .   N o  
s i g n i f i c a n t  c l u s t e r i n g  i s  o b s e r v e d  o f  H i n d I I I - g e n e r a t e d  o r  E c o R I - g e n e r a t e d  
A F L P s .   A l t h o u g h  t h e  A F L P  m a r k e r s  a r e  n o t  v e r y  i n f o r m a t i v e  i n  a  t w o - w a y  
p s e u d o - t e s t c r o s s ,  t h e y  f u l f i l l  a n  i m p o r t a n t  r o l e  i n  e x p a n d i n g  t h e  l i n k a g e  g r o u p s  
( f o r  e x a m p l e  i n  L G 6  a n d  L G 7 S / T ) .   T h e y  a l s o  f i l l  i n  l a r g e  g a p s  b e t w e e n  c o -
d o m i n a n t  m a r k e r s  ( f . e .  L G 4 ) .    
T h r e e  R F L P  m a r k e r s  ( C 1 2 8 6 ,  C S U 9 5  a n d  R G C 4 8 8 )  d e t e c t e d  m u l t i p l e  l o c i ,  
s i t u a t e d  o n  d i f f e r e n t  L G s .   F i v e  R F L P  a n d  t h r e e  S S R  m a r k e r s  c o u l d  n o t  b e  
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scored co-dominantly due to the specifications of the JOINMAP3.0 software.  
For example, two alleles of marker CDO412 were visualized.  CDO412 
segregated as a abxcc marker, with c a null allele.  This class of marker could not 
be entered in JOINMAP3.0 and alleles had to be entered as separate markers.  
Both alleles map 1 cM apart in LG5, confirming that they represent the same 
locus and not multiple loci. 
 
5.4.6 Mapping of markers selected during the BSA 
The clusters of putatively R-linked markers as already discussed in Chapter 3, 
were mapped.  PC026-R3 and PC026-R4 map together on LG2; PC106-R2 and 
PC168-R1 on LG1.  The cluster explaining the highest percentage of variation in 
the crown rust data (PC106-R2 and PC168-R1), maps close to the resistance gene 
analogue, NBS_a.  QTL analysis will help us to confirm if in these genomic 
regions, QTLs for crown rust resistance are situated.   
 
5.4.7 Clustering 
To study the phenomenon of clustering, the observed and the expected 
frequency distributions of marker number/10cM interval (Fig. 5.4) were 
constructed and compared according to Young et al. (1999).  Assuming random 
marker distribution, the number of 10 cM intervals with x markers is expected to 
follow the Poisson distribution function (P(x)=e-µµx/x! with µ=2.76 
markers/10cM interval).  We constructed the observed distribution of 10cM 
intervals with x markers by sliding a 10 cM interval over the linkage groups, with 
a step size of 1 cM.  The observed distribution shown in Fig. 5.4 deviated 
significantly from the expected Poisson distribution (c2= 1265, 8 df, P<0.001).  
This is mainly due to the big differences between observed and expected 
frequencies in the 10 cM interval with zero markers or the 10cM intervals with 
nine or more markers.  The location of clusters is represented in Fig. 5.5.  
 
C h a p t e r  5  
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s P o i s s o n  d i s t r i b u t i o n
O b s e r v e d
F i g .  5 . 4  :  D i s t r i b u t i o n  o f  m a r k e r  n u m b e r / 1 0  c M  i n t e r v a l  i n  t h e  L .  p e r e n n e  
l i n k a g e  m a p .   T h e  o b s e r v e d  d i s t r i b u t i o n  i s  c o m p a r e d  w i t h  t h e  e x p e c t e d  




/ x !  w i t h  µ = 2 . 7 6  m a r k e r s / 1 0 c M  i n t e r v a l ) ,  
a s s u m i n g  r a n d o m  m a r k e r  d i s t r i b u t i o n .  
 
C l u s t e r s  ( 1 0  c M  i n t e r v a l s  w i t h  m o r e  t h a n  9  m a r k e r s )  w e r e  a b s e n t  i n  L G 4 ,  L G 6 ,  
L G 7 T  a n d  L G 7 S ;  m a j o r  g a p s  ( 0  m a r k e r s / 1 0 c M )  w e r e  p r e s e n t  i n  a l l  L G ,  e x c e p t  o n  
L G 3  a n d  L G 7 S .   O n  L G 7 T ,  t h e r e  w e r e  6  g a p s  o f  m o r e  t h a n  1 0  c M  w i t h o u t  a  
m a r k e r ,  i n d i c a t i n g  t h a t  t h e s e  r e g i o n s  d o  n o t  h a v e  g o o d  m a r k e r  c o v e r a g e .   
A d d i t i o n  o f  m o r e  m a r k e r s  w i l l  h e l p  t h e  s a t u r a t i o n  o f  t h e s e  r e g i o n s .  
 
5 . 4 . 8  A l i g n m e n t  w i t h  p u b l i c l y  a v a i l a b l e  L .  p e r e n n e  m a p s  
T h e  i n t e g r a t e d  m a p  h a s  b e e n  e a s i l y  a l i g n e d  w i t h  t h e  I L G I  m a p  d e s c r i b e d  i n  
d i f f e r e n t  p u b l i c a t i o n s  ( B e r t  e t  a l . ,  1 9 9 9 ;  J o n e s  e t  a l . ,  2 0 0 2 a & b ) .   A l i g n m e n t  w a s  
b a s e d  o n  3 2  S S R s ,  1 0  R F L P s  an d  5  S T S s  t h a t  w e r e  i n  c o m m o n  b e t w e e n  t h e  
p r e s e n t e d  m a p  a n d  t h e  I L G I  m a p  ( T a b l e  5 . 4 ) .   F o u r  i n c o n s i s t e n c i e s  ( 3  S S R s  a n d  
1  R F L P )  w i t h  t h e  I L G I  m a p  w e r e  o b s e r v e d .   T h e s e  i n c o n s i s t e n c i e s  c a n  b e  d u e  t o  
t h e  d e t e c t i o n  o f  m u l t i p l e  l o c i  b y  t h e  r e s p e c t i v e  S S R s  o r  R F L P .  T h i s  m i g h t  b e  t h e  
c a s e  f o r  m a r k e r s  L P S S R K 1 4 B 0 6 ,  L P S S R K 0 8 A 0 9  a n d  X c d o 4 5 9  a s  t h e y  a l l  
d e t e c t e d  a  f r a g m e n t  t h a t  w a s  m o n o m o r p h i c  i n  o u r  m a p p i n g  p o p u l a t i o n ,  i n  
a d d i t i o n  t o  t h e  p o l y m o r p h i c  m a p p e d  f r a g m e n t s .    
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Fig. 5.5 : Marker distribution over the seven linkage groups (LG).  Number of markers 
within 10 cM intervals is presented.   


























































































































































































C h a p t e r  5  
1 1 0  
T a b l e  5 . 4  :  A l i g n m e n t  o f  t h e  p r e s e n t e d  m a p  a n d  t h e  I L G I  r e f e r e n c e  m a p  
( J o n e s  e t  a l . ,  2 0 0 2 a & b )  b a s e d  o n  c o m m o n  R F L P ,  S S R  a n d  S T S  
m a r k e r s .   I n c o n s i s t e n c i e s  a r e  i n d i c a t e d  i n  b o l d .  
M a r k e r  t y p e  P o s i t i o n  C o m m o n  m a r k e r  
S S R  S T S  R F L P  P r e s e n t e d  
m a p  
I L G I  
m a p  
L P S S R K 0 3 A 0 2 _ a  x    1  1  
L P S S R K 1 0 F 0 8 _ a                      x   1  1  
L P S S R K 0 3 A 0 2 _ b                      x   1  1  
L P S S R K 1 0 F 0 8 _ b                 x   1  1  
L P S S R K 1 0 F 0 8 _ c                    x   1  1  
L P S S R K 1 0 F 0 8 _ d                      x   1  1  
L P S S R K 0 3 A 0 2 _ c                      x    1  1  
L P S S R K 1 5 H 0 5  x    1  1  
L P S S R K 1 2 D 1 1  x    1  1  
L P S S R K 0 7 F 0 7  x    1  1  
O S E _ a   x   1  1  
O S E _ b   x   1  1  
L P S S R K 1 0 G 0 4  x    1  1  
O S E _ c   x   1  1  
L P S S R K 1 2 E 0 6 _ a    x    2  2  
L P S S R K 1 2 E 0 6 _ b  x    2  2  
X b c d 1 3 5    x  2  2  
L P S S R K 0 8 F 0 5 _ a  x    2  2  
L P S S R K 0 8 F 0 5 _ b  x    2  2  
L P S S R K 0 9 G 1 2 _ a  x    2  0  
L P S S R K 0 9 G 1 2 _ b  x    2  0  
X c d o 3 8 5    x  2  2 / 7  
L P S S R K 1 4 B 0 6  x    2  
1  
X c d o 4 5 6    x  2  2  
X r g c 3 9 0      x  3  3  
L P S S R K 1 2 H 0 8  x    3  3  
L P S S R K 0 7 C 1 1  x    4  4  
L P S S R K 0 4 D 0 1  x    4  4  
L P S S R K 0 8 A 0 9  x    4  
3  
L P S S R K 0 3 B 0 3 _ a            x    5  5  
L P S S R K 0 3 B 0 3 _ b            x    5  5  
L P S S R H 1 1 G 0 5 _ a                   x    5  5  
L P S S R H 1 1 G 0 5 _ b                    x   5  5  
X c d o 4 1 2 _ a                x  5  5  
X c d o 4 1 2 _ b               x  5  5  
L P S S R K 1 4 C 1 2                      x    5  5  
L P S S R K 0 2 C 0 9  x    5  
4  
O S B R   x   5  5  
 
Linkage map construction in L. perenne population and alignment with related linkage maps 
  111 
Table 5.4 : continued 
Marker type Position Common marker 




Xcdo497   x 6 6 
LPSSRH02H05 x   6 6 
LPSSRK02E08 x   7 7 
OSW  x  7 7 
Xpsr154   x 7 7 
Xbcd147   x 7 7 
Xcdo459   x 7 5 
LPSSRK14F07_a                 x   7 7 
LPSSRK14F07_b                   x   7 7 
 
Although the presented map was constructed using the two-way pseudo-
testcross approach, a genetic map was obtained which has been aligned with the 
ILGI map (constructed using the one-way pseudo-testcross approach).  The 
marker order is highly conserved and the map length is in the same order.  This 
demonstrates once more the validity of the two-way pseudo-testcross approach 
for linkage map construction in outcrossing species.  The main advantage of this 
approach is that the mapping population can be constructed using plants out of 
the breeding pool and showing extreme phenotypes of the trait studied.  In this 
way, the segregation of the trait studied is ensured. 
 
5.4.9 Comparative mapping 
Thirty-one loci were detected by heterologous RFLP probes.  These probes 
were derived from the EGRAM anchor probe set (Chapter 4) and had been 
previously mapped in rice by Stephenson (1997).  They were thus suitable for 
comparative mapping.  In Table 5.5, an overview is given of the map positions 
of these probes on the rice map (Stephenson, 1997), oat map (Van Deynze et al., 
1995a), Triticeae consensus map (Gale et al., 1995; Nelson et al., 1995a & b; Van 
Deynze et al., 1995b; Marino et al., 1996) and the ILGI map (Jones et al., 2002a).   
Jones et al. (2002a) carried out a thorough comparative study between the 
ILGI map and three other Poaceae maps (Triticeae, rice and oat) on the basis of 
109 heterologous probes.  A simplified overview of their results is given in Table 
5.6.   
C h a p t e r  5  
1 1 2  
W e  c a n  a d d  s o m e  a d d i t i o n a l  i n f o r m a t i o n  t o  t h i s  s t u d y  b a s e d  o n  o u r  d a t a  
( s u m m a r i z e d  i n  T a b l e  5 . 5 ) .    
§  F o r  L G 1  w e  c a n  c o n f i r m  s y n t e n y  w i t h  L G 1  o f  t h e  T r i t i c e a e ,  L G 5  o f  r i c e ,  
a n d  L G A  o f  o a t .    
§  F o r  L G 2 ,  w e  c a n  a d d  o n e  m o r e  p r o b e  ( B C D 8 5 5 )  c o n f i r m i n g  s y n t e n y  w i t h  
L G 2  o f  t h e  T r i t i c e a e  a n d  t w o  p r o b e s  c o n f i r m i n g  s y n t e n y  w i t h  L G 4  a n d  
L G 7  o f  r i c e  ( C S U 6  a n d  B C D 8 5 5  r e s p . ) .    
§  I n  L G 3 ,  w e  f o u n d  2  a d d i t i o n a l  p r o b e s  ( R G C 7 4 2  a n d  B C D 1 2 7 )  i d e n t i f y i n g  
s y n t e n y  w i t h  r i c e  L G 1 .    
§  I n  L G 4 ,  w e  f o u n d  2  p r o b e s  ( P S R 1 0 4  a n d  C D O 8 7 )  c o n f i r m i n g  s y n t e n y  
w i t h  L G 3  o f  r i c e ,  h o w e v e r ,  t h e  o t h e r  3  p r o b e s  d o  n o t .   S y n t e n y  w i t h  L G E  
o f  o a t  a n d  L G 4  o f  t h e  T r i t i c e a e  i s  i d e n t i f i e d ,  b u t  1  p r o b e  ( C D O 8 7 )  m a p s  
i n  t h e  T r i t i c e a e  o n  L G 3 .    
§  I n  L G 5  a n d  L G 6  w e  f o u n d  a d d i t i o n a l  s y n t e n y  w i t h  r i c e .   I n  L G 5 ,  2  p r o b e s  
m a p  o n  L G 1 0  a n d  1 1  o f  r i c e ;  i n  L G 6 ,  1  p r o b e  m a p s  o n  L G 6  o f  r i c e .    
§  I n  L G 7 ,  w e  f o u n d  3  a d d i t i o n a l  p r o b e s  s h o w i n g  s y n t e n y  w i t h  r i c e  L G 6  a n d  
8 .   T w o  o f  t h o s e  p r o b e s  c o n f i r m  s y n t e n y  w i t h  L G 7  o f  t h e  T r i t i c e a e .  
A l t h o u g h  o u r  d a t a  s e t  w a s  v e r y  s m a l l  f o r  c o m p a r a t i v e  m a p p i n g ,  i t  p r o v i d e d  
a d d i t i o n a l  i n f o r m a t i o n  t o  t h e  s t u d y  m a d e  o n  t h e  b a s i s  o f  t h e  I L G I  m a p .   T h e  
g a i n e d  i n f o r m a t i o n  i n c l u d e s  s o m e  c o n f i r m a t i o n  b u t  a l s o  s o m e  i n c o n s i s t e n c i e s  t o  
t h e  r e s u l t s  o b t a i n e d  b y  J o n e s  e t  a l .  ( 2 0 0 2 a ) .   I n t e g r a t i o n  o f  a v a i l a b l e  L o l i u m  m a p s  
w i l l  i m p r o v e  t h e  k n o w l e d g e  a b o u t  t h e  e x i s t e n c e  o f  s y n t e n i c  r e l a t i o n s h i p s  
b e t w e e n  L o l i u m  a n d  o t h e r  G r a m i n e a e .  
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Table 5.5 : Overview of map positions of heterologous RFLP probes on the rice map 
(Stepenson, 1997), oat map (Van Deynze et al., 1995a), the Triticeae consensus map 
(Marino et al., 1995; Nelson et al., 1995a&b; Van Deynze et al., 1995b; Gale et al., 
1995) and the ILGI map (Jones et al., 2002a). 
LG presented map Probe LG rice LG oat LG Triticeae LG ILGI 
1 RZ244 5 A/C 1 - 
 RGC488 10 - - - 
 CDO89 5 D 1 - 
2 BCD135 4 B - 2 
 CSU6 4 - - - 
 BCD855 7 - 2 - 
 CDO385 7 B - 2 
 CDO456 4 B 2 2 
3 RGC742 1 - - - 
 RGC390 8 - - 3 
 BCD127 1 - - - 
4 C1286 1 - - - 
 PSR104 3 - 4 - 
 CSU25 11 E - - 
 CDO87 3 E 3 - 
 CSU70 12 - - - 
 IBF64 - - - - 
5 RGC488 10 - - - 
 CDO412 9 E - 5 
 RGR77 11 - - - 
 C1286 - - - - 
6 CSU95 6 - - - 
 RGC424 7 G 7 6 
7T CSU95 6 - - - 
 RGC424 2 - - - 
 PSR154 8 - 6 7 
 BCD147 8 D 3 7 
 CDO459 12 F 3 5 
 RGR662 8 - 1/7 - 
7S BCD147 8 D 3 7 
 PSR129 6 - 7 - 
C h a p t e r  5  
1 1 4  
T a b l e  5 . 6  :  O v e r v i e w  o f  t h e  r e s u l t s  f o u n d  i n  t h e  c o m p a r a t i v e  s t u d y  m a d e  b y  J o n e s  e t  a l .  
( 2 0 0 2 a )  b e t w e e n  t h e  L o l i u m  m a p  ( I L G I  r e f e r e n c e  m a p )  a n d  t h e  m a p s  o f  t h e  T r i t i c e a e ,  
o a t  a n d  r i c e .  
L G  I L G I  L G  R i c e  m a p  L G  O a t  m a p  L G  T r i t i c e a e  m a p  
1  
5  A  C o m p l e t e  s y n t e n y  w i t h  L G 1  
2  
4 / 7  B  S m a l l  n o n - s y n t e n i c  r e g i o n s  w i t h  L G 2  
3  
1 / 5  C / G  C o m p l e t e  s y n t e n y  w i t h  L G 3  
4  
3  E / F  S m a l l  n o n - s y n t e n i c  r e g i o n s  w i t h  L G 4  
5  
2 / 9  E  C o m p l e t e  s y n t e n y  w i t h  L G 5  
6  
2  D / G  L a r g e  n o n - s y n t e n i c  r e g i o n s  w i t h  L G 6  
7  
6 / 8  N o n e  S m a l l  n o n - s y n t e n i c  r e g i o n s  w i t h  L G 7  
 
5 . 5  C o n c l u s i o n s  
H e r e  w e  r e p r e s e n t  t h e  f i r s t  g e n e t i c  m a p  o f  L .  p e r e n n e ,  b a s e d  o n  t h e  t w o - w a y  
p s e u d o - t e s t c r o s s  a p p r o a c h .   T h e  m a p p i n g  p o p u l a t i o n  c o n s i s t s  o f  2 5 2  F
1
 
i n d i v i d u a l s .   T h e  p a r e n t s  w e r e  h i g h l y  h e t e r o z y g o u s  a n d  s h o w e d  e x t r e m e  
c o n t r a s t i n g  p h e n o t y p e s  f o r  c r o w n  r u s t  r e s i s t a n c e .   A  g e n e t i c  m a p  o f  8 3 3  c M  
i n c l u d e d  2 3 0  l o c i  ( R F L P ,  S T S ,  A F L P  a n d  S S R ) ,  g r o u p i n g  i n t o  s e v e n  l i n k a g e  
g r o u p s .   T h e s e  s e v e n  l i n k a g e  g r o u p s  r e p r e s e n t  t h e  g e n o m e  o f  L o l i u m  w i t h  s e v e n  
c h r o m o s o m e s .   S i x  l i n k a g e  g r o u p s  w e r e  i n t e g r a t e d ;  i t  w a s  n o t  p o s s i b l e  t o  
i n t e g r a t e  t h e  p a r e n t a l  l i n k a g e  g r o u p s  o f  t h e  s e v e n t h  c h r o m o s o m e .   A f t e r  
i n s p e c t i o n  o f  t h e  I L G I  m a p  a n d  t h e  m a p  p u b l i s h e d  b y  A r m s t e a d  e t  a l .  ( 2 0 0 2 ) ,  
p o t e n t i a l  m a r k e r s  s u i t a b l e  f o r  i n t e g r a t i o n  o f  L G  7 T  a n d  L G  7 S  w e r e  i d e n t i f i e d .   
T h i s  r e p r e s e n t s  a  p r i o r i t y  o f  f u t u r e  d e v e l o p m e n t s  b a s e d  o n  t h e s e  l i n k a g e  m a p s .  
T h e  m a p  s i z e  ( 8 3 3  c M )  w a s  i n  t h e  s a m e  r a n g e  o f  o t h e r  p u b l i s h e d  l i n k a g e  m a p s  
o f  L o l i u m .   T h e  g e n o m e  c o v e r a g e  i s  e x p e c t e d  t o  b e  7 0 %  o f  t h e  t h e o r e t i c a l  
e x p e c t e d  l i n k a g e  m a p  l e n g t h .   T h e  c o v e r a g e  i s  f a r  f r o m  c o m p l e t e  a s  w a s  s e e n  b y  
a  h i g h  n u m b e r  o f  m a r k e r s ,  t h a t  c o u l d  n o t  b e  m a p p e d  i n  t h i s  s t u d y .   A d d i t i o n a l  
p r e f e r e n t i a l l y  c o - d o m i n a n t  a n d  g e n e - s p e c i f i c  m a r k e r s  w i l l  h e l p  t h e  f u l l  c o v e r a g e  
o f  t h e  g e n o m e  i n  f u t u r e  r e s e a r c h .  
T h i r t y  t w o  p e r c e n t  o f  t h e  m a r k e r s  s h o w e d  s e g r e g a t i o n  d i s t o r t i o n  ( P < 0 . 0 5 ) ,  
w h i c h  w a s  i n  t h e  s a m e  r a n g e  a s  r e p o r t e d  f o r  o t h e r  L o l i u m  m a p p i n g  s t u d i e s .   A  
h i g h  n u m b e r  o f  d i s t o r t e d  m a r k e r s  m a p p e d  i n  L G 1 ,  L G 2  a n d  L G 6 .   L G 1  a n d  L G 2  
a r e  t h e  L G  t o  w h i c h  t h e  S  a n d  Z  l o c i  m a p .   T h e  p r e s e n c e  o f  t h e s e  s e l f -
i n c o m p a t i b i l i t y  g e n e s  m a y  e x p l a i n  t h e  s e g r e g a t i o n  d i s t o r t i o n  o f  l o c i  m a p p i n g  
c l o s e  t o  S  a n d  Z .   H o w e v e r ,  s e g r e g a t i o n  d i s t o r t i o n  h a s  b e e n  r e p o r t e d  t o  b e  
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present in other LGs than reported in this study, indicating the presence of 
different loci linked with viability over the Lolium genome. 
Markers generated with different marker techniques map evenly on the genetic 
map.  AFLP markers served as a dense backbone and RFLP, SSR and STS 
markers were useful markers for map integration.  This enabled the alignment 
with other Lolium maps and maps of closely related species.  The markers 
identified in the BSA have been mapped and are placed on LG1 and LG2.  The 
RGA fragment maps on LG 1 close to the markers selected in the BSA. 
The alignment with the ILGI map was straightforward and was mainly based 
on the SSR markers in common.  Just a few inconsistencies were observed, but 
this might be explained by markers detecting more than one locus.  Other Lolium 
maps are under construction at this moment.  It is beyond any doubt that the 
integration of the different maps will result into an integrated map containing a 
balanced set of anchor probes.  This integrated map will permit further 
investigation focusing on the structure, evolution and function of the Lolium 
genome. 
As reported in previous studies, a high level of synteny between Lolium and 
the Triticeae was found.  Using the presented map, some additional information 
to the comparative mapping study made by Jones et al. (2002a) between Lolium 
and related species (oat, rice and Triticeae) was obtained.  Expanding the 
knowledge of synteny between these species will allow the transfer of 
information obtained in model-species as rice to less studied species, with larger 
genomes, like Lolium.  Mapping of genes or loci with known function are of 
special interest. 
As Wu et al. (2000) suggest that a genetic map with a wide marker spacing of 
20 or even 50 cM may be optimal to initially scan the genome for QTL mapping, 
this genetic map will be used for identifying QTLs for crown rust resistance.   
C h a p t e r  5  
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Chapter 6  
Detection of QTLs for crown rust 
resistance in the L. perenne population 
6.1  Introduction 
6.1.1 Disease resistance 
Qualitative resistance is usually referred to as resistance which complies with a 
gene-for-gene interaction; for each major resistance gene (R genes) in the plant 
host there exists an avirulence gene in the pathogen (Flor, 1971).  R genes are 
often clustered in the genome and molecular analysis has shown that the gene-
for-gene model holds true for several plant pathogen systems (reviewed by 
Hammond-Kosack and Jones, 1997).  In these systems, the R-genes are thought 
to encode receptor molecules, which perceive a pathogen signal, whereupon a 
resistance response is triggered (Baker et al., 1997).  This type of resistance is 
often discovered when an interaction between a specific plant and a specific 
pathogen strain is studied.  On the other hand, when studying resistance, 
intermediate reaction types are often found indicating that minor genes also 
contribute to resistance.  In this case, resistance is more quantitative than 
qualitative.  Quantitative resistance is defined by a complex, polygenic 
inheritance pattern with multiple genes having small additive effects on the 
resistant phenotypes.  These minor genes may be equally effective to different 
pathogen strains (pathotypes) and the resistance may be relatively durable in the 
field.   
 
6.1.2 Quantitative trait loci and disease resistance 
Many traits of economic importance in plants such as yield, quality, maturity, 
resistance to several biotic and abiotic stresses are of quantitative nature; the 
observed phenotypes follow a continuous distribution and reflect the action of 
many Quantitative Trait Loci (QTLs), together with environmental effects.  The 
availability of genetic markers has aided to unravel the nature of these QTLs.  It 
is possible to assign chromosomal positions to these QTLs, to determine the 
types and magnitude of gene effects of individual QTLs, and also to determine 
C h a p t e r  6  
1 1 8  
w h i c h  p a r e n t  p o s s e s s e s  t h e  p o s i t i v e  a l l e l e  a t  e a c h  Q T L .   T h e  a t t r a c t i v e n e s s  o f  
u s i n g  Q T L  a n a l y s i s  o v e r  q u a l i t a t i v e  s t u d i e s  i s  t h a t  i t  a l l o w s  f o r  t h e  s i m u l t a n e o u s  
d e t e c t i o n  o f  a l l  l o c i  c o n t r i b u t i n g  t o  t h e  e x p r e s s i o n  o f  t h e  t r a i t .   T h i s  s i m u l t a n e o u s  
d e t e c t i o n  p e r m i t s  t o  s t u d y  t h e  i n t e r a c t i o n  b e t w e e n  l o c i  a n d  t o  d e t e r m i n e  t h e  
v a r i a t i o n  e x p l a i n e d  b y  e a c h  l o c u s  s e p a r a t e l y  ( K u m a r  e t  a l . ,  2 0 0 0 ;  K o v e r  &  
C a i c e d o ,  2 0 0 1 ) .  
I n  t h e  p r e s e n t  s t u d y ,  t h e  a i m  w a s  t o  i d e n t i f y  l o c i  i n v o l v e d  i n  c r o w n  r u s t  
r e s i s t a n c e .   T h e  i n h e r i t a n c e  p a t t e r n  o f  r e s i s t a n c e  i n  t h e  L .  p e r e n n e  p o p u l a t i o n  w a s  
e x p l a i n e d  i n  C h a p t e r  2  b y  t h e  a c t i o n  o f  m a j o r  g e n e s  o f  w h i c h  t h e  a c t i o n  w a s  
i n f l u e n c e d  b y  m i n o r  g e n e s .   A  s i m i l a r  p a t t e r n  o f  s e m i - q u a n t i t a t i v e  d i s e a s e  
r e s i s t a n c e ,  h a s  b e e n  f o u n d  i n  s e v e r a l  o t h e r  Q T L  m a p p i n g  s t u d i e s  ( Y o u n g ,  1 9 9 6 ) .   
A l t h o u g h  s o m e  e x a m p l e s  e x i s t  w h e r e  q u a n t i t a t i v e  r e s i s t a n c e  i s  e x p l a i n e d  b y  m o r e  
t h a n  f i v e  Q T L s ,  i t  i s  c o m m o n  t o  f i n d  t w o  t o  f i v e  l o c i  u n d e r l y i n g  c o m p l e x  d i s e a s e  
r e s i s t a n c e  ( s u m m a r i z e d  i n  Y o u n g ,  1 9 9 6 ) .   I n  t h e s e  c a s e s ,  r e s i s t a n c e  i s  p o l y g e n i c  
i n  t h e  s e n s e  t h a t  a  f e w  g e n e s  h a v e  l a r g e  e f f e c t s  o n  t h e  p h e n o t y p e .    
E v i d e n c e  i s  a c c u m u l a t i n g  t h a t  a  w i d e  v a r i e t y  o f  m o l e c u l a r  a n d  g e n e t i c  
m e c h a n i s m s  m a y  u n d e r l i e  q u a n t i t a t i v e  r e s i s t a n c e .   G e n e s  p r e v i o u s l y  i d e n t i f i e d  t o  
c o n f e r  q u a l i t a t i v e  r e s i s t a n c e  h a v e  b e e n  f o u n d  t o  c o n t r i b u t e  t o  q u a n t i t a t i v e  
r e s i s t a n c e  a n d  s o m e  g e n e s  p r e v i o u s l y  c o n s i d e r e d  t o  b e  q u a n t i t a t i v e  c a n  v a r y  t h e i r  
e x p r e s s i o n  a c c o r d i n g  t o  t h e  g e n e t i c  b a c k g r o u n d .   F o r  e x a m p l e ,  a  m a j o r  R- g e n e  
w h i c h  t r i g g e r s  a  s p e c i f i c  H R  ( h y p e r s e n s i t i v e  r e a c t i o n )  r e s p o n s e  u p o n  r e c o g n i t i o n  
o f  t h e  a p p r o p r i a t e  a v i r u l e n c e  g e n e  p r o d u c t ,  m a y  h a v e  r e d u c e d  e f f e c t  w h e n  a  
m u t a t e d  v e r s i o n  o f  t h i s  a v i r u l e n c e  g e n e  p r o d u c t  i s  e n c o u n t e r e d .   T h u s  t h e r e  i s  
s u p p o r t  f o r  t h e  i d e a  t h a t  r e s i s t a n c e  i n  p l a n t s  i s  u l t i m a t e l y  d e t e r m i n e d  b y  t h e  
c o m b i n a t i o n  o f  t h e  p r o d u c t s  o f  m a n y  g e n e s  e n c o m p a s s i n g  a l l  s o r t s  o f  f u n c t i o n s ,  
i n c l u d i n g  s e c o n d a r y  c o m p o u n d  p r o d u c t i o n ,  p h e n o l o g y ,  p h y s i o l o g y  a n d  o t h e r  
s t r u c t u r a l  f e a t u r e s  t h a t  m i g h t  a f f e c t  p a t h o g e n  a c c e s s i b i l i t y  a n d  g r o w t h  i n  t h e  h o s t  
( R o u p p e  v a n  d e r  V o o r t  e t  a l . ,  2 0 0 0 ;  K o v e r  &  C a i c e d o ,  2 0 0 1 ) .    
A n  o v e r v i e w  o f  Q T L  a n a l y s e s  o f  d i s e a s e  r e s i s t a n c e  i n  d i f f e r e n t  h o s t - p a t h o g e n  
s y s t e m s  w a s  g i v e n  b y  K o v e r  &  C a i c e d o  ( 2 0 0 1 ) .   T h e y  o b s e r v e d  i n  t h e  d i f f e r e n t  
s t u d i e s  b e t w e e n  0  a n d  1 8  Q T L s  c o n t r i b u t i n g  t o  h o s t  r e s i s t a n c e .   O n  a v e r a g e ,  e a c h  
m a p p i n g  p o p u l a t i o n  c o n t a i n e d  4 . 6  Q T L s ,  b u t  t h e  d i s t r i b u t i o n  w a s  s k e w e d  
t o w a r d s  a  s m a l l e r  n u m b e r  o f  Q T L s ,  w i t h  t h e  m a j o r i t y  o f  s t u d i e s  i d e n t i f y i n g  t w o  
o r  m o r e  l o c i .   T h i s  c a n  b e  d u e  t o  l i m i t a t i o n s  i n h e r e n t  t o  t h e  s t a t i s t i c a l  m e t h o d s  f o r  
Q T L - d e t e c t i o n ,  a s  i t  i s  d i f f i c u l t  t o  l o c a t e  m o r e  t h a n  1 2  Q T L s  i n  a n y  g i v e n  
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population at one time or to demonstrate the existence of more than three QTLs 
per chromosome because of the wide confidence intervals (Asins, 2002).  On 
average, each QTL explained 20% of the phenotypic variance, but the 
distribution was also skewed, with 67% of the QTLs explaining less than 20% of 
the variance.  It was also common to find on the same chromosome QTLs for 
resistance to different pathogens (Kover & Caicedo, 2001). 
 
6.1.3 QTL detection methods 
Different approaches have been used to date to detect associations between a 
quantitative trait and the marker alleles segregating in a population (Mauricio, 
2001).   
§ The earliest approach consists of looking at all individual associations 
between marker alleles and phenotype using either a c² test or simple 
linear regression.  In this case, no linkage map is required.  Despite being 
more robust to violations of normality than more elaborated approaches 
(such as IM or MQM), these methods cannot extract all the information in 
the data (Liu, 1998).  In general, the drawbacks of these methods include 
that the phenotypic effects of QTLs are systematically underestimated, the 
genetic locations of QTLs are not well resolved because distant linkage 
cannot be distinguished from small phenotypic effects, and the size of 
progeny required for detecting QTLs is very large.  These methods of 
testing many genetic markers also involve the multiple testing problem.  
This is the increased risk that false positives will be detected (Lander & 
Botstein, 1989; Kearsey & Farquhar, 1998).   
§ These drawbacks can be overcome by the application of interval mapping 
(IM).  This approach of QTL mapping requires prior construction of a 
genetic linkage map (Lander and Botstein, 1989; Knapp et al., 1990; Haley 
& Knott, 1992; Jansen, 1992; Carbonell et al., 1992; Mauricio, 2001).  
Intervals between adjacent markers along a chromosome are scanned and 
the likelihood profile of a QTL being located at any particular point in 
each interval is determined; or to be more precise, the LOD (a measure for 
the likelihood of the odds) of there being one versus no QTL at a 
particular point is estimated.  Those maxima in the LOD-profile which 
exceed a specified significance level, indicate the likely sites of a QTL.  
C h a p t e r  6  
1 2 0  
S i g n i f i c a n c e  l e v e l s  h a v e  t o  b e  a d j u s t e d  t o  a v o i d  f a l s e  p o s i t i v e s  r e s u l t i n g  
f r o m  m u l t i p l e  t e s t s .   T h e  c o n f i d e n c e  i n t e r v a l s  o f  t h e  Q T L  p o s i t i o n  a r e  s e t  
a s  t h e  m a p  i n t e r v a l  c o r r e s p o n d i n g  t o  a  1 . 5  u n i t  L O D  d e c l i n e  e i t h e r  s i d e  o f  
t h e  p e a k  ( K e a r s e y  &  F a r q u h a r ,  1 9 9 8 ;  K u m a r ,  1 9 9 9 ) .   I n t e r v a l  m a p p i n g  h a s  
t h e  d i s a d v a n t a g e  t h a t  d u r i n g  t h e  s e l e c t i o n  o f  i n t e r v a l s  l i n k e d  w i t h  t h e  t r a i t ,  
t h e  e f f e c t  o f  o t h e r  Q T L s  p r e s e n t  i n  t h e  g e n o m e  i s  n e g l e c t e d .   T h i s  l e a d s  t o  
t h e  s e l e c t i o n  o f  g h o s t  Q T L s .  
§  T h i s  p r o b l e m  i s  s o l v e d  i n  t h e  t h i r d  a p p r o a c h ,  c o m p o s i t e  i n t e r v a l  m a p p i n g  
( C I M )  o r  m u l t i p l e  Q T L  m a p p i n g  ( M Q M ) .   I n  t h i s  c a s e ,  m a r k e r s  l o c a t e d  
n e a r b y  p u t a t i v e  Q T L s  i d e n t i f i e d  b y  e . g .  i n t e r v a l  m a p p i n g ,  a r e  u s e d  a s  c o -
f a c t o r s  i n  a n  a p p r o x i m a t e  m u l t i p l e - Q T L  m o d e l  w i t h  a d d i t i v e  a n d  d o m i n a n t  
g e n e  a c t i o n s  o n l y .   A t  e a c h  t e s t i n g  p o i n t  t h e  e f f e c t  o f  o n e  o r  m o r e  c o -
f a c t o r s  i s  i n c l u d e d  ( M a n l y  &  O l s o n ,  1 9 9 9 ) .    
C u r r e n t l y ,  t h e  u s u a l  w a y  t o  d e t e c t  Q T L s  i s  m o s t l y  b a s e d  o n  I M ,  o r  o n  
m e t h o d s  e m p l o y i n g  a n  a p p r o x i m a t e  M Q M  m a p p i n g  ( L a n d e r  a n d  B o t s t e i n ,  
1 9 8 9 ;  H a l e y  &  K n o t t ,  1 9 9 2 ;  J a n s e n  1 9 9 2 ,  1 9 9 3 ,  1 9 9 4 ;  Z e n g ,  1 9 9 3 ,  1 9 9 4 ;  
J a n s e n  &  S t a m  1 9 9 4 ;  X u  &  A t c h l e y ,  1 9 9 5 ;  K a o  &  Z e n g  1 9 9 7 ;  M a l i e p a a r d  e t  
a l . ,  2 0 0 1 ) .   T h e  M Q M  s t e p  i s  u s e d  t o  a b s o r b  t h e  e f f e c t s  o f  p r e v i o u s l y  
i d e n t i f i e d  Q T L s  a n d  t o  r e m o v e  ‘ g h o s t ’  Q T L s ,  i n c r e a s i n g  t h e  p o w e r  t o  
i d e n t i f y  a d d i t i o n a l  Q T L s  ( K e a r s e y  &  F a r q u h a r ,  1 9 9 8 ;  M a u r i c i o ,  2 0 0 1 ) .   
T h e  c ²  t e s t  a n d  r e g r e s s i o n  a n a l y s i s  a r e  s t i l l  b r o a d l y  u s e d  f o r  i n i t i a l  d a t a  
e x p l o r a t i o n  a n d  f o r  t h e  v e r i f i c a t i o n  o f  r e s u l t s  o b t a i n e d  w i t h  o t h e r  
m e t h o d o l o g i e s  ( K e a r s y  a n d  F a r q u h a r ,  1 9 9 8 ) .  
§  P e r m u t a t i o n - b a s e d  m e t h o d s  h a v e  b e e n  d e s c r i b e d  b y  C h u r c h i l l  &  D o e r g e  
( 1 9 9 4 )  t o  d e t e r m i n e  a p p r o p r i a t e  e m p i r i c a l  t h r e s h o l d s  ( c r i t i c a l  v a l u e s )  
a g a i n s t  w h i c h  t o  c o m p a r e  t e s t  s t a t i s t i c s  ( L O D  s c o r e s  o r  l i k e l i h o o d  r a t i o s ) .   
T h e s e  m e t h o d s  i n v o l v e  r e p e a t e d  s h u f f l i n g  o f  t h e  q u a n t i t a t i v e  t r a i t  v a l u e s  
o v e r  t h e  p r o g e n y  a n d  t h e  g e n e r a t i o n  o f  a  r a n d o m  s a m p l e  o f  t h e  t e s t  s t a t i s t i c  
f r o m  a n  a p p r o p r i a t e  n u l l  d i s t r i b u t i o n .   T h e s e  m e t h o d s  a r e  s t a t i s t i c a l l y  v a l i d  
w h e n  l i k e l i h o o d  o r  r e g r e s s i o n  b a s e d  t e s t  s t a t i s t i c s  a r e  u s e d  a n d  f o r  a n y  
d i s t r i b u t i o n  o f  t h e  q u a n t i t a t i v e  t r a i t .   T h u s ,  t h e y  a r e  u s e f u l  f o r  Q T L  
a n a l y s i s  o f  n o n - n o r m a l  d i s t r i b u t e d  d a t a  a n d  t a k e  i n t o  a c c o u n t  t h e  m u l t i p l e  
t e s t i n g  p r o b l e m  b y  c o n s i d e r i n g  t h e  p e r m u t a t i o n  d i s t r i b u t i o n  o f  t h e  
m a x i m u m  t e s t  s t a t i s t i c  o v e r  a l l  m a r k e r s .  
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Doerge and Churchill (1996) designed two methods yielding threshold 
values that can be used to construct tests for the presence of minor QTL 
effects while accounting for effects of known major QTLs : conditional 
empirical threshold (CET) and residual empirical threshold (RET).     
In CET, the data set is divided into subsets depending on the 
presence/absence of a marker allele significantly associated with a first 
QTL.  In this way the effect of the first identified QTL is removed from 
the subsets.  Within the subsets, permutation-based tests yield new 
empirical threshold values suitable for identifying subsequent marker 
alleles associated with other QTLs additional to the first QTL.  Next, the 
newly identified marker allele associated with a second QTL can be used 
to divide the subsets in new subsets, and so on.   
In RET, the first identified QTL and its associated marker allele is fixed.  
The effect of this QTL is substracted from the trait value of each plant.  
These new trait values are then used in a new round of permutation 
testing.  Subsequent rounds of RET are done until no new significant 
associations are found.   
In this study, both permutation-based methods are used to verify the 
results obtained with the IM and MQM method, especially as the crown 
rust data used for QTL analysis are not normally distributed.   
 
6.1.4 QTL mapping in an outcrossing species 
QTL mapping studies commonly make use of F2 or backcross progenies 
derived from inbred lines.  In a two-way pseudo-testcross, as used in the present 
thesis, a QTL or a marker can segregate for four distinct alleles; the only 
detectable QTLs are those for which one or both parents are heterozygous with 
alleles of strong alternative effect.  These effects should not be masked either by 
dominance or the environment in which phenotyping is conducted (Marques et 
al., 1999).  The use of a two-way pseudotestcross has several advantages as 
breeding material can be used in the mapping studies.  Both parents contribute to 
the variation, which involves the sampling of more variation (up to 4 alleles in 
one locus) than in inbred lines (Grattapaglia et al., 1996; Asins, 2002).  A severe 
disadvantage in a two-way pseudo-testcross is the low information content of 
dominant marker types.  Therefore, tracking the inheritance of multiple alleles at 
C h a p t e r  6  
1 2 2  
Q T L s  i n  a n  o u t b r e d  p e d i g r e e  n e c e s s i t a t e s  t h e  u s e  o f  c o - d o m i n a n t  m u l t i - a l l e l i c  
m a r k e r s .  
R y e g r a s s  Q T L - m a p p i n g  s t u d i e s  p u b l i s h e d  t o  d a t e  w e r e  b a s e d  o n  t h e  u s e  o f  
o n e - w a y  p s e u d o - t e s t c r o s s e s  o r  F
2  
p o p u l a t i o n s .   Q T L s  f o r  w a t e r - s o l u b l e  
c a r b o h y d r a t e  c o n t e n t  ( T u r n e r  e t  a l . ,  1 9 9 8 ) ,  f o r  f l o w e r i n g  a n d  c h l o r o p h y l l  
b r e a k d o w n  ( T h o r o g o o d  e t  a l . ,  1 9 9 9 a )  a n d  f o r  ( t e m p e r a t u r e  d e p e n d e n t )  c r o w n  
r u s t  r e s i s t a n c e  ( T h o r o g o o d  e t  a l . ,  1 9 9 9 b )  h a v e  b e e n  i d e n t i f i e d .   I n  t h i s  c h a p t e r ,  
t h e  L .  p e r e n n e  m a p ,  p r e s e n t e d  i n  C h a p t e r  5 ,  w i l l  b e  u s e d  t o  i d e n t i f y  Q T L s  l i n k e d  
w i t h  c r o w n  r u s t  r e s i s t a n c e .  
 
6 . 2  O b j e c t i v e s  a n d  r a t i o n a l e  
I n  t h e  p r e s e n t  s t u d y ,  t h e  f i r s t  a i m  w a s  t o  i d e n t i f y  t h e  n u m b e r  a n d  t h e  
c h r o m o s o m a l  l o c a t i o n  o f  l o c i  a f f e c t i n g  c r o w n  r u s t  r e s i s t a n c e .   T h e  s e c o n d  g o a l  
w a s  t o  d e t e r m i n e  t h e  p a r e n t a l  s o u r c e  o f  b e n e f i c i a l  Q T L  a l l e l e s ,  a n d  t h e  
m a g n i t u d e  o f  t h e i r  e f f e c t  o n  t h e  p h e n o t y p e .   U s i n g  t h e  g e n e t i c  m a p  p r e s e n t e d  i n  
C h a p t e r  5 ,  d i f f e r e n t  a p p r o a c h e s  t o  i d e n t i f y  Q T L s  w e r e  u s e d  :  i n t e r v a l  m a p p i n g  
a n d  m u l t i p l e  Q T L  m a p p i n g .   A s  t h e  p h e n o t y p i c  d a t a  a r e  n o t  n o r m a l l y  d i s t r i b u t e d ,  
p e r m u t a t i o n  t e s t s  w i l l  b e  u s e d  t o  i n c r e a s e  t h e  p o w e r  t o  d e t e c t  s i g n i f i c a n t  
a s s o c i a t i o n s .   I n  t h e  p e r m u t a t i o n  t e s t i n g ,  a l s o  t h e  u n m a p p e d  m a r k e r s  a r e  
i n c l u d e d ,  p r o v i d i n g  i n f o r m a t i o n  o n  t h e  e v e n t u a l  p r e s e n c e  o f  s i g n i f i c a n t  
a s s o c i a t i o n s  b e t w e e n  c r o w n  r u s t  r e s i s t a n c e  a n d  a l l e l e s  o f  u n m a p p e d  m a r k e r s .   
Q T L  a n a l y s i s  w i l l  b e  p e r f o r m e d  o n  t h e  p a r e n t a l  m a p s  a s  w e l l  a s  o n  t h e  
i n t e g r a t e d  m a p .   I d e n t i f i e d  Q T L s  a n d  t h e i r  a s s o c i a t e d  m a r k e r  a l l e l e s  a r e  f u r t h e r  
e v a l u a t e d  f o r  t h e i r  p o t e n t i a l  u s e  i n  m a r k e r  a s s i s t e d  s e l e c t i o n  p r o g r a m s .    
 
6 . 3  M a t e r i a l  a n d  m e t h o d s  
6 . 3 . 1  L i n k a g e  m a p  
A  s l i g h t l y  m o d i f i e d  m a p  c o m p a r e d  w i t h  t h e  m a p  r e p r e s e n t e d  i n  C h a p t e r  5  w a s  
u s e d  f o r  Q T L  d e t e c t i o n :  m a r k e r s  a d d e d  i n  t h e  s e c o n d  m a p p i n g  r o u n d  ( f o r c e d  
a d d i t i o n  o f  u n m a p p e d  m a r k e r s )  w e r e  r e m o v e d ,  a s  t h e i r  a d d i t i o n  t o  t h e  m a p  o f t e n  
c a u s e d  s m a l l  r e a r r a n g e m e n t s  i n  m a r k e r  o r d e r .   T h e  T C 1  l i n k a g e  m a p  u s e d  f o r  
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QTL detection consisted of 138 framework markers in 7 LGs and covered 729 
cM, while the SB2 map used for QTL detection contained 132 markers in 7 LGs 
covering 454 cM.  The integrated map consisted of 228 loci in 7 LGs (the 
integration of the two parental LGs 7 into one LG was not possible) covering 779 
cM.   
 
6.3.2 Phenotypic data 
F1 plants had been analyzed for crown rust resistance in the greenhouse as 
described in Chapter 2.  
 
6.3.3 Map-based QTL analysis  
QTL analyses were performed using the software MapQTLv.4.0. (Van Ooijen 
et al., 2002).  This version of the program enables QTL analysis of a two-way 
pseudo-testcross with up to four alleles per segregating locus.  Three parametric 
approaches based on the maximum likelihood method were applied : IM  
(Lander & Botstein, 1989), automatic co-factor selection and MQM mapping 
(Jansen, 1993; Jansen & Stam, 1994).  These procedures are implemented in the 
MapQTLv.4.0. program.   
In IM, intervals contained 5 neighboring markers.  Markers with a LOD-score 
> 3 were selected and used as co-factors in the next procedures.  This threshold 
corresponds to an error rate of 5% per linkage group, for the average linkage 
group length (Van Ooijen, 1999). 
Next, the automatic co-factor selection procedure implemented in 
MapQTLv4.0 was used to test different combinations of co-factors selected in 
IM.  In this procedure, the non-significantly linked co-factors in a particular set 
are rejected from the set.  The aim was to identify co-factors that were 
consistently retained when different sets of co-factors were tested.   
In the MQM analysis, markers consistently retained in the automatic co-factor 
selection were fixed as co-factors.  In subsequent rounds of MQM analysis, co-
factors were added or dropped according to the LOD > 3.0 threshold, until a 
stable result was obtained.  
C h a p t e r  6  
1 2 4  
6 . 3 . 4  P e r m u t a t i o n - b a s e d  Q T L  a n a l y s i s  
A s  t h e  c r o w n  r u s t  d a t a  u s e d  f o r  Q T L  a n a l y s i s  d o  n o t  f o l l o w  t h e  n o r m a l  
d i s t r i b u t i o n ,  p e r m u t a t i o n - b a s e d  m e t h o d s  a s  d e s c r i b e d  b y  D o e r g e  a n d  C h u r c h i l l  
( 1 9 9 6 )  w e r e  u s e d  t o  v e r i f y  t h e  r e s u l t s  o b t a i n e d  i n  I M  a n d  M Q M .   I n  t h e s e  t e s t s ,  
a l s o  u n m a p p e d  m a r k e r s ,  w h i c h  w e r e  n o t  i n c l u d e d  i n  t h e  I M  a n d  M Q M  a n a l y s i s ,  
w e r e  t e s t e d  f o r  s i g n i f i c a n t  l i n k a g e  w i t h  c r o w n  r u s t  r e s i s t a n c e .   P e r m u t a t i o n - b a s e d  
m e t h o d s  w e r e  d e v e l o p e d  i n  S - P l u s  6 . 0  p r o f e s s i o n a l  r e l e a s e  2  ( I n s i g h t f u l  C o r p . )  
b y  M o e r k e r k e  e t  a l .  ( U n i v e r s i t y  o f  G e n t ,  p e r s o n a l  c o m m u n i c a t i o n ) .  
I n  t h e s e  m e t h o d s ,  a n  o r i g i n a l  t e s t  s t a t i s t i c  ( T
0
)  i s  c o m p u t e d  f o r  e a c h  m a r k e r  
( t h e  s t a n d a r d i z e d  r e g r e s s i o n  c o e f f i c i e n t ,  e q u i v a l e n t  t o  a  t - t e s t ) .   T h i s  T
0
 w i l l  t a k e  
i t s  m a x i m u m  a t  m a r k e r s  l i n k e d  w i t h  Q T L s .   T o  s e t  t h e  c r i t i c a l  t h r e s h o l d  v a l u e s  
f o r  s i g n i f i c a n t  l i n k a g e ,  t r a i t  v a l u e s  a r e  r a n d o m l y  p e r m u t e d  a m o n g  t h e  p r o g e n y ,  
d e s t r o y i n g  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  t r a i t  v a l u e s  a n d  t h e  g e n o t y p e s  o f  t h e  
m a r k e r  l o c i  i n  t h e  o b s e r v e d  d a t a .   A  n e w  t e s t  s t a t i s t i c  i s  e s t i m a t e d  f o r  e a c h  
m a r k e r  i n  t h e  p e r m u t e d  d a t a  s e t  a n d  t h e  m a x i m u m  t e s t  s t a t i s t i c  o b t a i n e d  i n  e a c h  
p e r m u t a t i o n  i s  r e c o r d e d .   T h i s  p r o c e d u r e  i s  r e p e a t e d  n u m e r o u s  t i m e s ,  g i v i n g  a  
d i s t r i b u t i o n  o f  m a x i m u m  t e s t  s t a t i s t i c  v a l u e s  e x p e c t e d  i f  t h e r e  w a s  n o  Q T L  l i n k e d  
t o  a n y  o f  t h e  m a r k e r  l o c i .   V a l u e s  a t  a p p r o p r i a t e  p e r c e n t i l e  p o i n t s  o f  t h e  e m p i r i c a l  
d i s t r i b u t i o n  c a n  b e  u s e d  a s  t e s t  s t a t i s t i c  t h r e s h o l d  v a l u e s  t o  e s t a b l i s h  s i g n i f i c a n c e  
o f  t h e  o b s e r v e d  T
0
.   W e  t e s t e d  t w o - s i d e d  a t  a = 0 . 0 5 .   I n  t h i s  c a s e  t h e  2 . 5  a n d  9 7 . 5  
p e r c e n t i l e  v a l u e  a r e  t h e  e m p i r i c a l  t h r e s h o l d  v a l u e s  f o r  s i g n i f i c a n c e .   W e  j u s t  u s e d  
2 0 0  p e r m u t a t i o n s ;  i n  t h i s  c a s e  w e  h a d  t o  c o n s t r u c t  9 5 %  c o n f i d e n c e  i n t e r v a l s  f o r  
t h e  2 . 5  a n d  9 7 . 5  p e r c e n t i l e  v a l u e s .    
T o  i d e n t i f y  m u l t i p l e  Q T L s ,  t w o  a p p r o a c h e s  w e r e  f o l l o w e d .   I n  a  f i r s t  a p p r o a c h  
( C E T ) ,  t h e  m a r k e r  w i t h  t h e  h i g h e s t  s i g n i f i c a n t  l i n k a g e  w a s  u s e d  t o  s t r a t i f y  p l a n t s  
i n  t w o  s u b p o p u l a t i o n s :  p l a n t s  w i t h  a n d  w i t h o u t  t h e  m a r k e r .   N e x t ,  f o r  e a c h  
m a r k e r ,  a  n e w  s t r a t i f i e d  T
0
 v a l u e  w a s  c a l c u l a t e d .   P e r m u t a t i o n  t e s t i n g  ( 2 0 0  
p e r m u t a t i o n s )  w i t h i n  t h e  s t r a t a  y i e l d e d  n e w  e m p i r i c a l  t h r e s h o l d  v a l u e s  ( 2 . 5  a n d  
9 7 . 5  p e r c e n t i l e  v a l u e s )  a n d  t h e  a c c o m p a n y i n g  9 5 %  c o n f i d e n c e  i n t e r v a l s .   T h e  
m a r k e r  w i t h  t h e  h i g h e s t  s i g n i f i c a n t  l i n k a g e  w a s  s u b s e q u e n t l y  u s e d  t o  s t r a t i f y  
w i t h i n  t h e  s u b p o p u l a t i o n s .   T h i s  w a s  d o n e  u n t i l  n o  m o r e  s i g n i f i c a n t  l i n k a g e s  
w e r e  f o u n d .    
I n  a  s e c o n d  a p p r o a c h  ( R E T ) ,  t h e  m a r k e r  w i t h  t h e  h i g h e s t  s i g n i f i c a n t  l i n k a g e  
w a s  f i x e d  a s  a  Q T L .   T h e  e f f e c t  o f  t h i s  l o c u s  w a s  s u b t r a c t e d  f r o m  t h e  c r o w n  r u s t  
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score in each plant.  This new crown rust score was then used for a subsequent 
round of permutation testing (200 permutations).  Subsequent rounds were done 
until no new significant linked markers were found. 
In cases for which T0 values were located within the confidence intervals of 
the empirical threshold values, narrower confidence intervals were constructed 
by performing up to 3200 permutations.   
 
6.3.5 Phenotypic variance explained 
The percentage of variance explained by a given marker was determined by 1) 
linear regression, 2) by IM and 3) by MQM analysis.  In addition, the power of 
the identified QTL alleles was estimated by looking at the differences between 
the population mean crown rust score and the mean crown rust score for each 
QTL genotype.  Mean crown rust scores for each QTL genotype were determined 
using MQM in MapQTLv.4.0. 
 
6.4 Results and discussion 
6.4.1 Map-based QTL analysis 
As demonstrated in Chapter 2, we can use the average of the crown rust score 
for QTL analysis.  However, the distribution of these data deviates from the 
normal distribution.  A log-transformation or arcsin-transformation of the crown 
rust data did not significantly improve normality, mainly due to their categorical 
nature.  Untransformed phenotypic data were used for QTL analysis. 
QTL analysis was performed on both parental linkage maps (TC1 and SB2) 
and on the integrated map.  In a preliminary analysis, IM was used to identify 
QTLs linked with crown rust resistance.  No marker with LOD score > 3.0 has 
been found on the SB2 parental map.  On the TC1 parental map, 12 markers with 
LOD > 3.0 were identified : 4 markers on LG1, 5 on LG2, 2 on LG5 and 1 on 
LG6 (Fig. 6.1).  On the integrated map, 20 markers showed a LOD > 3.0 : 5 on 
LG1, 14 on LG2 and 1 on LG5 (Fig. 6.2).  Some LOD scores > 3.0 were found at 
positions between markers.  These positions were not retained for further 
analysis as these intervals represent ‘ghost’ QTLs.  This phenomenon is 
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1 2 8  
 o f t e n  s e e n  w h e n  t h e  p h e n o t y p i c  d a t a  d e v i a t e s  f r o m  t h e  n o r m a l  d i s t r i b u t i o n ,  a s  i n  
t h i s  s t u d y  ( J .  V a n  O o i j e n ,  P R I ,  T h e  N e t h e r l a n d s ,  p e r s o n a l  c o m m u n i c a t i o n ) .   T h e  
S B 2  p a r e n t a l  m a p  w a s  n o t  a n a l y z e d  f u r t h e r  a s  n o  Q T L  p o s i t i o n s  w e r e  i d e n t i f i e d  
u s i n g  t h e  I M  a l g o r i t h m .  
A u t o m a t i c  c o - f a c t o r  s e l e c t i o n  a v a i l a b l e  i n  M a p Q T L  v . 4 . 0 ,  w a s  u s e d  t o  e v a l u a t e  
t h e  m a r k e r s  d i s p l a y i n g  s i g n i f i c a n t  e f f e c t s  i n  I M .   I n  t h e  T C 1  m a p ,  t h e  a u t o m a t i c  
c o - f a c t o r  s e l e c t i o n  p r o c e d u r e  r e t a i n e d  P C 0 0 8 - 0 8 5  ( L G 1 ) ,  P C 1 0 6 - R 2  ( L G 1 ) ,  
P C 1 6 8 - R 1  ( L G 1 ) ,  P C 0 2 6 - 3 2  ( L G 1 )  a n d  P C 4 0 0 - 7 5  ( L G 2 )  w h e n  d i f f e r e n t  s e t s  o f  
c o - f a c t o r s  w e r e  t e s t e d .   I n  t h e  i n t e g r a t e d  m a p ,  P C 1 0 6 - R 2  ( L G 1 ) ,  P C 1 6 8 - R 1  ( L G 1 )  
a n d  P C 0 0 1 - 7 9  ( L G 2 )  w e r e  c o n s i s t e n t l y  r e t a i n e d  a s  s i g n i f i c a n t  c o - f a c t o r s .   P C 1 6 8 -
R 1  a n d  P C 1 0 6 - R 2  w e r e  a l t e r n a t i v e s  t o  e a c h  o t h e r ,  a s  o f t e n  j u s t  o n e  o f  b o t h  
m a r k e r s  w a s  c h o s e n  a s  a  s i g n i f i c a n t  c o - f a c t o r .  
N e x t ,  i n  e a c h  c o n s e c u t i v e  r o u n d  o f  M Q M  m a p p i n g ,  t h e  m a r k e r  w i t h  t h e  
h i g h e s t  L O D - s c o r e  ( > 3 . 0 )  w a s  a d d e d  t o  t h e  l i s t  o f  f i x e d  c o - f a c t o r s .   F o r  t h e  o t h e r  
m a r k e r s  i t  w a s  t e s t e d  w h e t h e r  t h e y  e x p l a i n e d  a d d i t i o n a l  v a r i a n c e  o f  c r o w n  r u s t  
r e s i s t a n c e  t o  t h e  v a r i a n c e  e x p l a i n e d  b y  t h e  f i x e d  c o - f a c t o r s .   I n  t h e  T C 1  p a r e n t a l  
m a p ,  t h r e e  a d d i t i o n a l  r e g i o n s  w i t h  a  L O D - s c o r e  > 3  w e r e  i d e n t i f i e d  i n  L G 2 .   
M a r k e r s  r e p r e s e n t i n g  t h e s e  r e g i o n s  a r e  :  P C 0 2 6 - R 4 ,  X c d o 3 8 5  a n d  r y e 0 2 4  ( F i g .  
6 . 1 ) .   I n  t h e  i n t e g r a t e d  m a p ,  t h r e e  a d d i t i o n a l  r e g i o n s  w e r e  f o u n d  ( o n e  i n  L G 1  a n d  
t w o  i n  L G 2 ) .   M a r k e r  P C 0 0 8 - 0 8 5  r e p r e s e n t s  t h e  a d d i t i o n a l  r e g i o n  i n  L G 1  a n d  
m a r k e r s  X b c d 1 3 5  a n d  P C 1 0 6 - 0 2 2  r e p r e s e n t  t h e  t w o  a d d i t i o n a l  r e g i o n s  i n  L G 2 .   
T h e  m a r k e r s  p r e v i o u s l y  s e l e c t e d  o n  L G 5  a n d  L G 6  u s i n g  I M  d i d  n o t  d i s p l a y  a  
L O D  s c o r e  >  3  i n  M Q M  m a p p i n g .    
T h e  r e s u l t s  o b t a i n e d  i n  t h e  T C 1  p a r e n t a l  m a p  a n d  t h e  i n t e g r a t e d  m a p  u s i n g  
M Q M  a r e  c o m p a r e d  i n  T a b l e  6 . 1 .   S e v e n  d i f f e r e n t  Q T L s  w e r e  i d e n t i f i e d .   T h e  
Q T L s  d e t e c t e d  i n  b o t h  m a p s ,  s h o w  a  h i g h  d e g r e e  o f  s i m i l a r i t y .   F o u r  Q T L s  a r e  i n  
c o m m o n :  Q T L 1 ,  Q T L 2 ,  Q T L 3  a n d  Q T L 4 .   Q T L 5  a n d  Q T L 6  w e r e  d e t e c t e d  j u s t  i n  
t h e  T C 1  p a r e n t a l  m a p  a n d  Q T L 7  j u s t  i n  t h e  i n t e g r a t e d  m a p .   Q T L 5  h a s  a  h i g h  
L O D - s c o r e  ( 6 . 4 6 ) ,  b u t  t h i s  s h o u l d  b e  t a k e n  w i t h  c a r e  a s  t h e  m a r k e r  X c d o 3 8 5  i s  
l o c a t e d  i n  a n  u n s a t u r a t e d  r e g i o n  a n d  t h e  n u m b e r  o f  p l a n t s  f i n g e r p r i n t e d  w i t h  t h i s  
m a r k e r  w a s  v e r y  l o w  ( 4 0  F
1
 i n d i v i d u a l s ) .   Q T L 5  w i l l  n o t  b e  t a k e n  i n t o  
c o n s i d e r a t i o n  i n  t h e  c o n t i n u a t i o n  o f  t h e  Q T L  a n a l y s i s .   Q T L 6  a n d  Q T L 7  w i l l  a l s o  
b e  d r o p p e d  f o r  f u r t h e r  a n a l y s i s  a s  t h e y  w e r e  n o t  c o n s i s t e n t l y  d e t e c t e d  a n d  t h e i r  
L O D - s c o r e s  w e r e  n o t  h i g h  ( < 4 . 0 ) .   F o r  f u r t h e r  d i s c u s s i o n ,  w e  c o n s i d e r  j u s t  
Q T L 1 ,  Q T L 2 ,  Q T L 3  a n d  Q T L 4 .  
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Table 6.1: Comparison of QTLs identified using MQM in the TC1 parental map and 
the integrated map.  The QTLs are described by the marker with the highest LOD score 
in the corresponding QTL region.   
QTL number TC1 map Integrated map 
 Marker LOD score Marker LOD-score 




QTL2 PC106-R2  13.46 PC168-R1 30.76 
QTL3 PC400-075   4.66 PC400-075    6.35 
QTL4 PC026-R4   3.82 PC106-022   5.81 
QTL5 Xcdo385   6.46 Not significant - 




QTL7 Not significant - Xbcd135   3.88 
 
Dupuis and Siegmund (1999) showed with simulations that for dense maps 
(markers at every 1cM) 1-LOD and 1.5-LOD support intervals provided a QTL 
coverage probability of approximately 90% and 95%, respectively, and an even 
greater percentage for sparse maps.  The 1.5-LOD support intervals of the QTLs 
detected in both maps using MQM are given in Table 6.2 and represented in Fig. 
6.3.  The 1.5-LOD support interval of QTL3 and QTL4 in the TC1 parental map 
do overlap.  This is probably due to the lower marker density in the TC1 parental 
map.  In the integrated map, the 1.5-LOD support intervals of QTL3 and QTL4 
are distinct.  The number and size of the QTLs identified in the present study are 
in line with those identified in other QTL studies for disease resistance in plants 
(Kover and Caicedo, 2001).   
 
6.4.2 Permutation-based QTL analysis 
Permutation testing was used to confirm the results obtained in the MQM 
analysis and for analyzing the unmapped markers.  Unmapped markers were not 
integrated in the IM and MQM analysis.  In Fig. 6.4, the results of the first round 
of permutation-based QTL analysis and of the first round of CET are given.   
In the first round of permutation testing, the T0 values of two markers were 
more extreme than the 95% CI of the 2.5 percentile threshold value (PC106-R2 
and PC168-R1 situated in LG1).  This indicates significant linkage of PC106-R2 
C h a p t e r  6  
1 3 0  
a n d  P C 1 6 8 - R 1  w i t h  c r o w n  r u s t  r e s i s t a n c e .   T h e  T
0  
s t a t i s t i c  o f  s e v e n  o t h e r  
m a r k e r s  ( P C 0 2 6 - 0 3 2  a n d  P C 0 0 8 - 0 8 5  l o c a t e d  i n  L G 1 ;  P C 1 0 6 - 2 2 ,  P C 0 0 8 - 0 8 8 ,  
P C 4 0 0 - 0 7 5  a n d  P C 0 2 6 - R 3  l o c a t e d  i n  L G 2 ;  P C 0 0 8 - 0 4 4  u n m a p p e d )  f e l l  w i t h i n  t h e  
9 5 %  C I  o f  t h e  2 . 5  o r  9 7 . 5  p e r c e n t i l e  t h r e s h o l d  v a l u e s .   T h e  m a r k e r s  s e l e c t e d  i n  
t h i s  a n a l y s i s  ( e x c e p t  t h e  u n m a p p e d  m a r k e r )  a r e  t h e  m a r k e r s  r e p r e s e n t i n g  t h e  f o u r  
Q T L s  i d e n t i f i e d  i n  t h e  M Q M  a n a l y s i s .   
 
T a b l e  6 . 2 :  1 . 5  L O D  s u p p o r t  i n t e r v a l s  g i v i n g  a  9 5 %  p r o b a b i l i t y  o f  Q T L  l o c a t i o n  i n  t h e  T C 1  a n d  
i n t e g r a t e d  m a p  ( I )  u s i n g  M Q M .  
 M A R K E R  L G  P o s i t i o n  
( c M )  
L O D  
s c o r e  
L e f t  b o r d e r  
( c M )  
R i g h t  b o r d e r  
( c M )  
S i z e  o f  1 . 5  L O D -
i n t e r v a l  ( c M )  
T C 1  m a p         
Q T L 1  P C 0 0 8 - 0 8 5  1  6 1 . 7  6 . 0 7  5 8 . 4  6 5 . 4  7 . 0  
Q T L 2  P C 1 0 6 - R 2  1  7 8 . 8  1 3 . 4 6  7 8 . 0  9 4 . 3  1 6 . 4  
Q T L 3  P C 4 0 0 - 0 7 5  2  2 9 . 1  4 . 6 6  2 3 . 6  3 4 . 5  1 0 . 9  
Q T L 4  P C 0 2 6 - R 4  2  4 5 . 4  3 . 8 2  1 8 . 8  4 8 . 9  3 0 . 1  
I  m a p         
Q T L 1  P C 0 0 8 - 0 8 5  1  7 2 . 5  7 . 3 7  7 0 . 2  7 3 . 4  3 . 2  
Q T L 2  P C 1 6 8 - R 1  1  9 6 . 1  3 0 . 7 6  9 5 . 2  -  0 . 9 *  
Q T L 3  P C 4 0 0 - 0 7 5  2  4 2 . 2  6 . 3 5  2 4 . 6  4 3 . 0  1 8 . 4  
Q T L 4  P C 1 0 6 - 2 2  2  5 8 . 4  5 . 8 1  5 5 . 4  6 5 . 6  1 0 . 2  
* J u s t  t h e  l e f t  b o r d e r  w a s  c a l c u l a t e d  a s  P C 1 6 8 - R 1  i s  t h e  l a s t  m a r k e r  i n  L G 1 .  
 
I n  a  s e c o n d  s t e p ,  t h e  m o s t  s i g n i f i c a n t l y  l i n k e d  m a r k e r  ( P C 1 0 6 - R 2 )  w a s  u s e d  t o  
d i v i d e  t h e  p l a n t  p o p u l a t i o n  i n t o  t w o  s u b p o p u l a t i o n s  :  w i t h  a n d  w i t h o u t  t h e  
m a r k e r .   C E T  p e r m u t a t i o n  t e s t i n g  i d e n t i f i e d  f o u r  r e s i d u a l  m a r k e r s  s i g n i f i c a n t l y  
l i n k e d  w i t h  c r o w n  r u s t  r e s i s t a n c e  ( P C 4 0 0 - 0 7 5 ,  P C 0 2 6 - R 3 ,  P C 0 0 8 - 0 8 8  a n d  
P C 1 0 6 - 0 2 2 ) .   T h e s e  f o u r  m a r k e r s  h a d  T
0
 s t a t i s t i c s  t h a t  w e r e  m o r e  e x t r e m e  t h a n  
t h e  b o u n d a r i e s  o f  t h e  9 5 %  C I  o f  t h e  2 . 5  o r  9 7 . 5  p e r c e n t i l e  t h r e s h o l d  v a l u e s .   A l l  
f o u r  m a r k e r s  a r e  l o c a t e d  o n  L G 2  ( F i g .  6 . 4 ) .   T h r e e  m a r k e r s  w e r e  s i t u a t e d  w i t h i n  
t h e  b o u n d a r i e s  o f  t h e  9 5 %  C I  o f  t h e  2 . 5  o r  9 7 . 5  p e r c e n t i l e  t h r e s h o l d  v a l u e s  
( P C 0 7 8 - 1 2 1  o n  L G 2 ;  P C 1 0 6 - 0 2 8  o n  L G 1  a n d  t h e  u n m a p p e d  m a r k e r  P C 0 0 1 - 0 2 6 ) .   
P C 4 0 0 - 0 7 5  w a s  t h e  m o s t  s i g n i f i c a n t  l i n k e d  m a r k e r  a n d  w a s  u s e d  t o  s t r a t i f y  t h e  
d a t a  a g a i n .   N o  a d d i t i o n a l  m a r k e r s  w e r e  i d e n t i f i e d  i n  a  s u b s e q u e n t  r o u n d  o f  C E T .   
E v e n  w h e n  t h e  c o n f i d e n c e  i n t e r v a l s  w e r e  n a r r o w e d  b y  p e r f o r m i n g  u p  t i l l  3 2 0 0  
p e r m u t a t i o n s .   
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 Using the RET approach, similar results were obtained: PC106-R2 and 
PC400-075 were selected as the most significant markers.  No additional markers 
to these two markers displayed significant linkage (results not shown). 
The permutation-testing confirmed partly the results obtained in MQM, but as 
expected QTL analysis using map information is able to reveal more QTLs than 
permutation tests do.  Inclusion of map data into the permutation test may 
increase the power of the tests.  Therefore, testing for linkage between intervals 
and crown rust resistance instead of single marker-trait linkage represents a 
priority of future developments of this research. 
 
6.4.3 Variance explained 
Most commonly, QTLs are described by four aspects: chromosomal location, 
the magnitude of their phenotypic effect, the effect of gene dosage at the locus, 
and their interactions with other QTLs or unlinked genetic loci (Paterson, 1996).  
In this study we detected four QTLs involved in crown rust resistance.  The 
proportion of variance explained by these QTLs was estimated using three 
alternative methods: simple linear regression, IM and MQM (Table 6.3).  All 
three methods provided similar results, however, the proportion of phenotypic 
variance explained by a given QTL is estimated most accurately using MQM as it 
takes into account map information and the action of the other QTLs.  Using this 
method, QTL1, QTL2, QTL3 and QTL4 explained respectively 12.5%, 24.9%, 
5.5% and 2.6 % of phenotypic variance (Table 6.3).  The QTLs explaining over 
20% of the phenotypic variance are strong QTLs, such as QTL2.  The traits 
controlled by such QTLs can be considered almost Mendelian and are of extreme 
interest for breeders to be used in the breeding scheme (Manly and Olson, 1999).   
However, as the plants used in this study were evaluated just under one set of 
environmental conditions, it is impossible to predict at this stage the importance 
of the genomic regions, identified in this PhD, if the infection takes place in a 
different environment.  Furthermore, as only one spore mixture was used for the 
infection tests, it is impossible to predict whether the genomic regions identified, 
represent genetic factors activated by the attack of specific strains of the 
pathogen.  They might even represent genomic regions which are activated by 
different pathogens or even by different biotic and abiotic stresses. 
C h a p t e r  6  
1 3 4  
T a b l e  6 . 3  :  P e r c e n t a g e  o f  p h e n o t y p i c  v a r i a n c e  e x p l a i n e d  b y  t h e  
i d e n t i f i e d  Q T L s  u s i n g  t h r e e  m e t h o d s  o f  e s t i m a t i o n  :  s i m p l e  l i n e a r  
r e g r e s s i o n ,  I M  a n d  M Q M  o n  t h e  i n t e g r a t e d  m a p .  
Q T L  L i n e a r  r e g r e s s i o n  I M  M Q M  
Q T L 1   7 . 4 %  1 3 . 4 %  1 2 . 5 %  
Q T L 2   2 0 . 7 %  2 3 . 7 %  2 4 . 9 %  
Q T L 3   9 . 0 %  1 0 . 6 %  5 . 5 %  
Q T L 4  3 . 7 %  6 . 4 %  2 . 6 %  
 
6 . 4 . 4  P o t e n t i a l  u s e  o f  t h e  i d e n t i f i e d  Q T L s  f o r  M A S  
T o  e v a l u a t e  t h e  p o t e n t i a l  u s e  o f  a  m a r k e r  ( o r  Q T L )  i n  M A S ,  t h e  t r a i t  m e a n  o f  
d i f f e r e n t  Q T L  g e n o t y p e  c l a s s e s  ( T a b l e  6 . 4 )  c a n  b e  u s e d .   T h i s  p r o v i d e s  
i n f o r m a t i o n  o n  t h e  e f f e c t  o f  Q T L  a l l e l e s  o n  t r a i t  p e r f o r m a n c e  a n d  m a y  p r o v i d e  a  
m o r e  u s e f u l  e s t i m a t e  o f  t h e  p o t e n t i a l  g a i n  t o  b e  r e a l i z e d  b y  s e l e c t i n g  a  f a v o r a b l e  
Q T L  a l l e l e  o r  a l l e l e  c o m b i n a t i o n .   A s  i n  t h i s  s t u d y ,  a  t w o - w a y  p s e u d o - t e s t c r o s s  
d e s i g n  i s  u s e d ,  w e  c a n  j u s t  t e s t  th e  d i f f e r e n c e  b e t w e e n  t h e  a v e r a g e  t r a i t  v a l u e  o f  
( Q 1 Q 3 + Q 1 Q 4 )  v s .  ( Q 2 Q 3 + Q 2 Q 4 )  f o r  p a r e n t  Q 1 Q 2  a n d  ( Q 3 Q 1 + Q 3 Q 2 )  v s .  
( Q 4 Q 1 + Q 4 Q 2 )  f o r  t h e  p a r e n t  Q 3 Q 4 .   T h u s  j u s t  t h e  e f f e c t  o f  a n  a l l e l e  s u b s t i t u t i o n  
c a n  b e  t e s t e d ,  w h i c h  i s  m u c h  l e s s  p o w e r f u l  t h a n  t e s t i n g  t h e  d i f f e r e n c e  b e t w e e n  
t h e  t r a i t  v a l u e  o f  Q 1 Q 1  v s .  Q 2 Q 2 .   I f  d o m i n a n t  m a r k e r s  a r e  u s e d  t h e  p h a s e  a n d  
p o w e r  l i m i t a t i o n  c l e a r l y  i n c r e a s e  ( A s i n s ,  2 0 0 2 ) .   H o w e v e r ,  a n  a t t e m p t  t o  e s t i m a t e  
t h e  e f f e c t  o f  t h e  d i f f e r e n t  Q T L  a l l e l e s  h a s  b e e n  m a d e  a n d  i s  r e p r e s e n t e d  i n  T a b l e  
6 . 4 .   
F o r  Q T L 1 ,  t h e  g e n o t y p e  b c  i s  t h e  m o s t  r e s i s t a n t  g e n o t y p e ;  g e n o t y p e  a d  i s  t o  b e  
a v o i d e d  a s  t h e  m e a n  c r o w n  r u s t  s c o r e  i n c r e a s e s  w i t h  0 . 8 7  u n i t s .   T h e r e f o r e ,  
a b s e n c e  o f  m a r k e r  P C 0 0 8 - 0 8 5  i s  f a v o r a b l e .   P r e s e n c e  o f  m a r k e r  P C 0 0 8 - 0 8 5  
i n v o l v e s  a n  i n c r e a s e  i n  t h e  p o p u l a t i o n  c r o w n  r u s t  s c o r e  o f  0 . 2 8  u n i t s  o r  0 . 8 7  
u n i t s  d e p e n d i n g  o n  t h e  a c c o m p a n y i n g  a l l e l e  ( c  o r  d ) .  
F o r  Q T L 2 ,  p r e s e n c e  o f  t h e  m a r k e r  P C 1 6 8 - R 1  r e s u l t s  i n  a  d e c r e a s e  o f  0 . 1 8  
u n i t s  o f  m e a n  c r o w n  r u s t  s c o r e  a n d  a b s e n c e  r e s u l t s  i n  a n  i n c r e a s e  o f  0 . 7 5  u n i t s .   
P r e s e n c e  o f  t h i s  m a r k e r  i s  f a v o r a b l e .  
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Table 6.4: Mean crown rust score for each genotype of the four identified QTLs calculated 
using MapQTLv.4.0.  QTLs are defined by the marker with the highest LOD-score in the QTL 
region.  The allele visualized by each marker in the TC1*SB2 cross (abxcd) is given.  
Genotypes containing the visualized allele are indicated in bold. 







(abxcd) ac ad bc bd 
Population 
Mean 
ac ad bc bd 
QTL1 PC008-085 a 2.12 2.71 1.75 1.87 1.84 0.28 0.87 -0.09 0.03 
QTL2 PC168-R1 b 2.59 2.59 1.66 1.66 1.84 0.75 0.75 -0.18 -0.18 
QTL3 PC400-075 b 2.05 1.93 1.76 1.59 1.84 0.21 0.09 -0.08 -0.25 
QTL4 PC106-022 a 2.06 1.77 1.70 1.69 1.84 0.22 -0.07 -0.14 -0.15 
 
Genotype bd is the most favorable genotype for QTL3 and genotype ac is to 
be avoided.  Allele b can be visualized by PC400-075 and allele d by the presence 
of PC001-032, a marker mapping 1.7 cM apart from PC400-075. 
QTL4 is influenced by allele b.  This allele causes a decrease in mean crown 
rust score of 0.14 or 0.15 units depending on the accompanying allele (c or d).  
Allele b cannot be visualized by PC106-022.  The closest marker which can 
describe allele b is PC026-R3 which is 1.5 cM away from PC106-022.  Presence 
of PC026-R3 is linked with a decrease of the crown rust score. 
In summary, the ideal QTL conformation to obtain resistant plants is as 
summarized in Table 6.5.  Overall, the positive alleles (linked with resistance) 
were derived mainly from the resistant parent (TC1).  Just for QTL3, allele d, 
found in the susceptible parent (SB2) is favorable to resistance. 
 
Table 6.5: Ideal genotype per QTL for selecting resistant plants, 
based on the results described in Table 6.4. 
QTL Ideal genotype Markers 
QTL1 bc or bd Allele b = presence of PC008-085 
QTL2 bc or bd Allele b = presence of PC168-R1 
QTL3 bd Allele b = presence of PC400-075 
Allele d = presence of PC001-032 
QTL4 bc or bd Allele b = presence of PC026-R3 
C h a p t e r  6  
1 3 6  
G e n e  a c t i o n  a t  Q T L s  i s  d e t e r m i n e d  b y  t h e  s a m e  p r i n c i p l e s  a s  a r e  e m p l o y e d  f o r  
m o n o g e n i c  t r a i t s :  a d d i t i v i t y ,  d o m i n a n c e ,  r e c e s s i v i t y  a n d  e p i s t a s i s .   E p i s t a s i s  i n  
t h i s  c o n t e x t  m e a n s  t h a t  t h e  r e s i s t a n t  p h e n o t y p e  c o n f e r r e d  b y  o n e  l o c u s  d e p e n d s  
o n  t h e  a l l e l e s  p r e s e n t  i n  a n o t h e r  l o c u s  i n  t h e  s a m e  i n d i v i d u a l  ( K o v e r  a n d  
C a i c e d o ,  2 0 0 1 ) .   L o c i  p a i r s  w e r e  t h u s  t e s t e d  f o r  e p i s t a t i c  i n t e r a c t i o n s  u s i n g  G L M  
a n a l y s i s  ( K o v e r  a n d  C a i c e d o ,  2 0 0 1 )  b u t  n o  e p i s t a s i s  h a s  b e e n  p r o v e n .  
 
6 . 4 . 5  S y n t e n y  a t  Q T L  l e v e l  
R  g e n e s  h a v e  a l s o  b e e n  i d e n t i f i e d  a n d  m a p p e d  i n  o t h e r  m o n o c o t s .   S e v e r a l  
a g r e e m e n t s  e x i s t  b e t w e e n  t h e  r e s u l t s  f o u n d  i n  t h e  p r e s e n t  s t u d y  a n d  t h o s e  o f  
o t h e r  Q T L - m a p p i n g  s t u d i e s :  
§  V a n  D e y n z e  e t  a l .  ( 1 9 9 5 a )  m a d e  a  t h o r o u g h  s t u d y  o f  g r o u p  1  
c h r o m o s o m e s  o f  T r i t i c e a e  s p e c i e s  a n d  t h e i r  r e l a t i o n  t o  c h r o m o s o m e s  i n  
r i c e  a n d  o a t .   T h i s  g r o u p  o f  c h r o m o s o m e s  c o n t a i n s  t h e  l e a f  r u s t  g e n e s  
i d e n t i f i e d  i n  w h e a t .   T h e  h o m o l o g o u s  c h r o m o s o m e  i n  o a t ,  t h e  g r o u p  A  
c h r o m o s o m e s  c o n t a i n  r e s i s t a n c e  g e n e s  a g a i n s t  P u c c i n i a  c o r o n a t a  C d a  
f . s p .  a v e n a e .   T h e  g r o u p  1  c h r o m o s o m e s  o f  t h e  T r i t i c e a e  a n d  t h e  g r o u p  A  
c h r o m o s o m e s  o f  o a t  a r e  h o m o l o g o u s  t o  t h e  L G 1  o f  L o l i u m ;  o n  t h i s  L G ,  
w e  f o u n d  Q T L s  l i n k e d  w i t h  c r o w n  r u s t  r e s i s t a n c e .  
§  Y u  e t  a l .  ( 1 9 9 6 )  i d e n t i f i e d  h o m o e o l o g o u s  r e g i o n s  f o r  r e s i s t a n c e  t o  o b l i g a t e  
b i o t r o p h s  i n  A v e n a ,  H o r d e u m  a n d  Z e a  m a y s .   T h e s e  r e g i o n s  w e r e  l o c a t e d  
i n  t h e  h o m o e o l o g o u s  g r o u p  1 .   T h i s  g r o u p  c o r r e s p o n d s  t o  L G 1  i n  L o l i u m  
a n d  i n  w h i c h  w e  f o u n d  Q T L s  f o r  c r o w n  r u s t  r e s i s t a n c e .  
§  Y u  &  W i s e  ( 2 0 0 0 )  m a p p e d  a  c l u s t e r  o f  c r o w n  r u s t  r e s i s t a n c e  l o c i  (P c a  
c l u s t e r )  t o  L G  B  o f  d i p l o i d  o a t .   T h i s  L G  i s  h o m o l o g o u s  t o  t h e  L G  2  o f  t h e  
T r i t i c e a e  a n d  L G 2  o f  L o l i u m ,  o n  w h i c h  w e  f o u n d  Q T L s  f o r  c r o w n  r u s t  
r e s i s t a n c e .  
T h e s e  f i n d i n g s  i n d i c a t e  t h e  p o t e n t i a l  p r e s e n c e  o f  h o m o l o g o u s  r e g i o n s  f o r  
r e s i s t a n c e  g e n e s  i n  t h e  G r a m i n e a e .   I f  g r o u p  1  a n d  2  c h r o m o s o m e s  o f  T r i t i c e a e  
d e s c e n d e d  f r o m  t h e  s a m e  c h r o m o s o m e s  o f  a  c o m m o n  a n c e s t o r ,  t h e  d i s e a s e  
r e s i s t a n c e  l o c i  o n  t h e m  m i g h t  b e  o r t h o l o g o u s .   H o w e v e r ,  w e  j u s t  h a v e  v e r y  
f r a g m e n t e d  d a t a  o n  t h e  s y n t e n y  b e t w e e n  L G 1  a n d  L G 2  o f  L o l i u m  a n d  o t h e r  
m o n o c o t s  t o  m a k e  a  d e t a i l e d  s y n t e n y  a n a l y s i s  f o r  Q T L s  l i n k e d  w i t h  r e s i s t a n c e .  
Detection of QTLs for crown rust resistance in the L. perenne population 
  137 
6.5 Conclusions 
Within the L. perenne mapping population, four QTLs involved in crown rust 
resistance have been identified and localized.  Two QTLs are located on LG1 and 
two on LG2.  They explain respectively 12.5%, 24.9%, 5.5% and 2.6 % of 
phenotypic variance.  No epistatic interaction was found between these four 
QTLs.   
Different techniques were used for QTL analysis.  Consistent results were 
obtained with IM and MQM on the parental and integrated maps.  Using, 
permutation-based methods, the presence of QTL2 and QTL3 were confirmed.  
However, QTL1 and QTL4 were not detected using these methods.  Probably, 
addition of map information in CET and RET, may improve the power of the 
permutation tests. 
The map used for QTL analysis was of good quality as the 1.5-LOD intervals 
for the four QTLs were between 3 cM and 19 cM broad (except for QTL4 in the 
TC1 parental map, which is 30 cM).  This indicates a good saturation around the 
QTL position.  However, there were also indications for three additional QTLs in 
LG2 (QTL5, QTL6 and QTL7).  Saturation of the linkage map in these particular 
regions, will help clarify the presence of additional QTLs in LG2.  Also 
saturation of the region around QTL2 is useful as QTL2 maps in a telomeric 
region of LG1.  Saturation of this region with co-dominant markers from which 
linkage phase can be easily reconstructed, is preferable. 
Indication was found for the presence of synteny at the QTL level between 
homologous groups of chromosomes within the Gramineae.  LG1 and LG2 
show homology with group A and B chromosomes of oat on which crown rust 
resistance genes were identified.  They show also homology with the group 1 
chromosomes of the Triticeae on which leaf rust resistance genes were 
identified. 
Although the confidence intervals of the four identified QTLs are still large, 
plant breeders may not need to know the QTL locations with great accuracy if 
they intend to introgress them by marker assisted backcrossing.  They will be 
mainly interested in those QTLs which have a large effect, to incorporate them in 
elite plants.  Marker information can be used to increase the frequency of 
positive QTLs (and to decrease the frequency of negative QTLs) in these plants.  
Probably the greatest value of markers in this context is the reduction of linkage 
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d r a g  d u r i n g  i n t r o d u c t i o n  o f  Q T L s  b y  b a c k c r o s s i n g .   I n  t h i s  c o n t e x t ,  m a r k e r  
i n f o r m a t i o n  c a n  h e l p  t o  b r e a k  t h e  u n f a v o r a b l e  c o r r e l a t i o n s  b e t w e e n  q u a n t i t a t i v e  
c h a r a c t e r s  o f  i n t e r e s t .   F u r t h e r m o r e ,  m a r k e r  i n f o r m a t i o n  a r o u n d  a n d  w i t h i n  a  
Q T L  c a n  b e  u s e d  t o  d e v e l o p  s e l e c t i o n  i n d e x e s  ( K e a r s e y  &  F a r q u h a r ,  1 9 9 8 ) .  
A s  i n  t h i s  s t u d y  t h e  d i s s e c t i o n  o f  a  c o m p l e x  t r a i t  w a s  c a r r i e d  o u t  u s i n g  p a r e n t s  
w i t h  h i g h  b r e e d i n g  v a l u e s ,  a  f i r s t  d e l i v e r y  o f  t h i s  s t u d y  t o  t h e  b r e e d i n g  p r o g r a m ,  
a r e  r e s i s t a n t  g e n o t y p e s  w i t h  s p e c i f i c  ( f a v o u r a b l e )  Q T L  c o n f i g u r a t i o n s .   H o w e v e r ,  
t h e  i d e n t i f i e d  m a r k e r s  s h o w n  t o  b e  l i n k e d  t o  Q T L s  w i t h  b i g  e f f e c t s  c a n  n o t  y e t  b e  
e x p l o i t e d  o n  a  b r o a d  s c a l e  a s  t h e r e  a r e  s t i l l  s o m e  r e s t r i c t i o n s  w h i c h  n e e d  t o  b e  
s o l v e d .   I t  i s  l i k e l y  t h a t  Q T L  a c t i o n  v a r i e s  a c r o s s  e n v i r o n m e n t s ,  a c r o s s  d i f f e r e n t  
g e n e t i c  b a c k g r o u n d s  a n d  a c r o s s  d i f f e r e n t  s p o r e  m i x t u r e s .   T h e r e f o r e  t h e s e  Q T L s  
s h o u l d  b e  t e s t e d  i n  d i f f e r e n t  e n v i r o n m e n t s ,  w i t h  d i f f e r e n t  s p o r e  m i x t u r e s  a n d  a n  
a s s e s s m e n t  o f  t h e  d i v e r s i t y  o f  Q T L  a l l e l e s  a n d  t h e i r  a c t i o n  p r e s e n t  i n  a  b r o a d  
g e n e t i c  p o p u l a t i o n  s h o u l d  b e  m a d e  ( M a r q u e s  e t  a l . ,  1 9 9 9 ;  K i n g  e t  a l . ,  2 0 0 0 ;  
M i f l i n ,  2 0 0 0 ) .   B u t  g i v e n  t h a t  w e  f i n d  s y n t e n y  a t  Q T L  l e v e l  w i t h  o t h e r  s p e c i e s ,  
t h e  Q T L s  i d e n t i f i e d  m i g h t  r e p r e s e n t  g e n o m i c  r e g i o n s  i n  g e n e r a l  r e s i s t a n c e  o r  
g e n o m i c  r e g i o n s  i n  w h i c h  R  g e n e s  a r e  c l u s t e r e d  ( g e n e - f o r - g e n e  r e s i s t a n c e ) .   T h e  
l a t t e r  c a s e  i s  l i k e l y  a s  t h e  m a p p e d  R G A  f r a g m e n t  c o i n c i d e s  w i t h  Q T L 2  o n  L G 1 .   
I t  i s  i n t e r e s t i n g  t o  a n a l y z e  t h i s  p o p u l a t i o n  f o r  r e s i s t a n c e  t o  o t h e r  d i s e a s e s  a f f e c t i n g  
L o l i u m  l i k e  b a c t e r i a l  w i l t ,  l e a f  r u s t  a n d  s t e m  r u s t  a n d  t o  k n o w  t h e  p o s i t i o n s  o f  
Q T L s  f o r  r e s i s t a n c e  t o  t h e s e  d i s e a s e s .   T h i s  w i l l  g i v e  a n  i n d i c a t i o n  o f  g e n o m i c  
r e g i o n s  i n v o l v e d  i n  g e n e r a l  r e s i s t a n c e .  
I n  a  f i r s t  a t t e m p t  t o  c h a r a c t e r i z e  t h e  Q T L  a l l e l e s  i d e n t i f i e d  i n  t h i s  c r o s s ,  t h e  
s e l f i n g s  o f  F
1
 i n d i v i d u a l s  ( a s  d e s c r i b e d  i n  C h a p t e r  2 )  a r e  c u r r e n t l y  b e i n g  
g e n o t y p e d .   T h e  r e s u l t s  o f  t h i s  a n a l y s i s  a r e  h o w e v e r ,  o u t  o f  t h e  s c o p e  o f  t h e  
p r e s e n t  t h e s i s ,  a n d  w i l l  b e  r e p o r t e d  i n  t h e  f u t u r e .  
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Chapter 7 
Map construction and QTL detection in the 
L. x boucheanum and L. multiflorum 
populations 
7.1 Introduction 
L. perenne and L. multiflorum are genetically highly related.  They are 
interfertile, resulting in hybrid ryegrass L. x boucheanum.  These three ryegrass 
types are morphologically nearly indistinguishable (Jahuar, 1993), and the close 
relationship between them has been proven in studies based on morphology 
(Terrell, 1968), allozymes (Loos, 1993), RAPD data (Stammers et al., 1995) and 
SSR data (Kubik et al., 1999; Jones et al., 2001).  In most cases, markers 
developed in one species can readily be used in the other closely related species.  
For example, Kubik et al. (1999) and Jones et al. (2001) developed SSR markers 
in L. perenne, which can be used in L. multiflorum and L. x boucheanum.  Yu 
and Wise (2000) cited that co-migrating AFLPs are usually common fragments 
among mapping populations and closely related species.  Therefore, we assumed 
that co-migrating AFLP fragments in L. perenne, L. x boucheanum and in L. 
multiflorum represent the same genetic locus. 
As Lolium spp. are interfertile, characteristics of one species can be 
introduced into the other species by means of interspecific crosses.  Therefore, it 
was of interest to study crown rust resistance in L. multiflorum and in the 
interspecific hybrid.  This was in parallel to the study of crown rust resistance in 
L. perenne.  The alignment of L. perenne, L. multiflorum and L. x boucheanum 
maps enables the comparisons of QTLs and their positions.  One can expect to 
find QTLs which are conserved between species or one can identify species-
specific QTLs.  Conserved QTLs can contain species-specific alleles that are 
absent in related species.  Such alleles are of particular interest for the 
introduction of novel resources of resistance in a related species (Asins, 2002). 
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7 . 2  O b j e c t i v e s  a n d  r a t i o n a l e  
I n  t h i s  c h a p t e r ,  i t  w a s  t h e  a i m  t o  c o n s t r u c t  g e n e t i c  l i n k a g e  m a p s  f o r  t h e  L .  x  
b o u c h e a n u m  a n d  L .  m u l t i f l o r u m  p o p u l a t i o n s  d e s c r i b e d  i n  C h a p t e r  2 .   M a p s  w e r e  
c o n s t r u c t e d  u s i n g  m a i n l y  A F L P  m a r k e r s  a n d  t h e  c o - d o m i n a n t  m a r k e r s  p r o v e n  t o  
b e  p o l y m o r p h i c  i n  t h e s e  p o p u l a t i o n s  ( d i s c u s s e d  i n  C h a p t e r  4 ) .   U s i n g  t h e s e  m a p s  
f o r  i n t e r v a l  m a p p i n g  a n d  m u l t i p l e  Q T L  m a p p i n g ,  t h e  o b j e c t i v e  w a s  t o  i d e n t i f y  
g e n o m i c  r e g i o n s  i n v o l v e d  i n  c r o w n  r u s t  r e s i s t a n c e .  
T o  c o m p a r e  Q T L s ,  i d e n t i f i e d  i n  t h e  t h r e e  p o p u l a t i o n s ,  t h e  a l i g n m e n t  o f  t h e  
g e n e t i c  m a p s  o r  t h e i r  i n t e g r a t i o n  i s  n e c e s s a r y .   T h e r e f o r e ,  a  c o m m o n  s u b s e t  o f  
A F L P  p r i m e r  c o m b i n a t i o n s  w a s   r u n  o n  t h e  t h r e e  p o p u l a t i o n s .  
 
7 . 3  M a t e r i a l  a n d  m e t h o d s  
7 . 4 . 1  P l a n t  m a t e r i a l  a n d  p h e n o t y p i c  d a t a  
T h e  L .  x  b o u c h e a n u m  m a p p i n g  p o p u l a t i o n  ( 2 A 2 * 1 B 1 2 )  c o n s i s t e d  o f  7 0  
p l a n t s ;  t h e  L .  m u l t i f l o r u m  m a p p i n g  p o p u l a t i o n  ( A x i s 3 * B - 9 0 )  c o n s i s t e d  o f  2 2 7  
p l a n t s .   P h e n o t y p i n g  o f  t h e s e  p o p u l a t i o n s  w a s  d e s c r i b e d  a n d  d i s c u s s e d  i n  
C h a p t e r  2 .  
 
7 . 4 . 2  M a r k e r  d a t a  a n d  m a p  c o n s t r u c t i o n  
A F L P ,  S S R  a n d  S T S  m a r k e r s  w e r e  g e n e r a t e d  a s  d e s c r i b e d  i n  C h a p t e r  4 .   
M a p  c o n s t r u c t i o n  w a s  d o n e  a s  d e s c r i b e d  i n  C h a p t e r  5 ,  b u t  i n  t h i s  c a s e ,  m a r k e r s  
f r o m  c l a s s  a - x a -  w e r e  a l s o  i n c l u d e d  i n  t h e  l i n k a g e  a n a l y s i s .  
 
7 . 4 . 3  Q T L  a n a l y s i s  
T h r e e  m e t h o d s  w e r e  u s e d  f o r  Q T L  a n a l y s i s  :  I M ,  M Q M  a n d  p e r m u t a t i o n -
b a s e d  m e t h o d s  ( R E T  a n d  C E T ) .   M e t h o d s  a r e  d e s c r i b e d  i n  C h a p t e r  6 .  
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7.4 Results and discussion 
7.4.1 L. x boucheanum genetic map 
The genetic map of the L. x boucheanum population is given in Fig. 7.1.  A 
total of 541 markers were included in this analysis: 16% were heterozygous in 
the susceptible parent (1B12), 19% were heterozygous in the resistant parent 
(2A2) and 65% were heterozygous in both parents.  Distorted segregation at 
P<0.05 was observed for 38% of the markers (AFLP, SSR and STS together), 
which is slightly higher than in the L. perenne population discussed in Chapter 
5. 
The 1B12 map consisted of 13 LGs; the 2A2 map consisted of 12 LGs.  The 
integrated map had 15 LGs, consisted of 189 loci and spanned 1881 cM.  In the 
integrated map, four LGs could not be integrated: LG12T was just identified in 
the 2A2 parental map and LG13S, LG14S and LG15S were just identified in the 
1B12 parental map.  The mean distance between two consecutive loci is 6.78 
cM.  The length of the linkage groups varies from 130 cM till 24 cM.  The 
largest gap between two adjacent markers is 28 cM and is situated on LG 1.  On 
average the genetic map consists of 12.6 markers per LG with a maximum of 37 
on LG2 and a minimum of 4 on LG12T, LG13S and LG15S.  Twenty one 
percent of the mapped markers deviated significantly from the expected 
Mendelian segregation ratios (P<0.05).  Putatively R-linked markers, identified 
in the BSA analysis, map to LG2 (PC078-R3, PC157-R1, PC157-R2, PC008R2, 
PC008R3, PC400-R2 and PC400-R3).  PC078-R2, also a marker putatively 
linked with crown rust resistance, could not be mapped.  
 
7.4.2 QTL analysis in the L. x boucheanum population 
In the L. x boucheanum mapping population, IM revealed 10 loci spread over 
seven LG of the integrated map to be involved in crown rust resistance.  Using 
MQM mapping, a QTL was identified on LG1.  The marker with the highest 
LOD-score within this QTL is PC008-R2, one of the markers selected during 
BSA (Chapter 3). 
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F i g .  7 . 1  :  L i n k a g e  m a p  o f  t h e  L .  x  b o u c h e a n u m  c r o s s  b a s e d  o n  S S R ,  S T S  a n d  A F L P  m a r k e r s .   
A F L P  m a r k e r s  h a v e  p r e f i x  P C ;  S T S  a n d  S S R  m a r k e r s  a r e  i n d i c a t e d  i n  b o l d ;  A F L P  m a r k e r s  
s e l e c t e d  i n  t h e  B S A  a n a l y s i s  s t a r t  w i t h  P C  a n d  e n d  w i t h  – R x  ( w i t h  x = n u m b e r ) .   D i s t o r t e d  
m a r k e r s  ( P > 0 . 0 0 1 )  a r e  m a r k e d  w i t h  * .   L G s  w i t h  a n  e x t e n s i o n  S  o r  T  a r e  L G s  j u s t  f o u n d  i n  t h e  
2 A 2  ( T )  p a r e n t a l  m a p  o r  i n  t h e  1 B 1 2  ( S )  p a r e n t a l  m a p .   L G s  a r e  n o t  n u m b e r e d  a c c o r d i n g  t o  
t h e  I L G I  m a p .  
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The permutation-based approach revealed different results than the MQM 
analysis (Fig. 7.2).  In the first cycle of permutation testing, PC008-031 turned 
out to be the most significant marker.  The T0 value of another marker, PC026-
091, fell within the 95% CI of the 2.5 percentile threshold value.  In the second 
cycle of permutation testing (CET), after stratification on marker PC008-031, a 
second marker linked with crown rust resistance was identified: PC400-053.  
None of these markers have been mapped on the L. x boucheanum linkage map.   
The markers identified in the BSA analysis, were detected in the MQM 
analysis.  This demonstrates once more the usefulness of BSA to identify QTLs 
with big effects.  However, BSA failed to identify the other markers detected by 
the permutation-based testing.  As they are both a-xa- markers, they were not 
included in the BSA analysis (just a-x-- or --xa- markers were selected in the 
BSA analysis). 
This permutation-method seemed to detect other effects than BSA did.  
These are represented by the markers PC008-031 and PC400-053.  PC008-031 
seems to be a promising marker as linear regression analysis revealed that it 
explains 43% of the variance (R2=0.43), while PC400-053 does not explain any 
variance (R2=0.000). 
The phenotypic analysis of this population discussed in Chapter 2, revealed 
the presence of two major genes involved in crown rust resistance.  If the results 
in the QTL analysis are summarized, one QTL, explaining 85% of the variance 
is identified in LG1 using MQM, and one unmapped marker (PC008-031) linked 
with crown rust resistance was detected using permutation-based methods, 
explaining 43% of variance.  This results in the same conclusion as in the 
phenotypic analysis : two major loci are involved in resistance.  However, the 
percentage of variation explained by the QTL identified in MQM should be 
taken with care.  The quality of the genetic map was too low to perform a 
thorough QTL analysis due to large gaps in the genetic map, the low degree of 
map integration and the high amount of a-xa- markers.  It is not possible to 
discuss the position and allelic effect of the different QTLs.  A better map 
saturation and the incorporation of co-dominant markers are needed before 
conclusions can be made in this population.  The mapping of PC008-031 is of 
special interest. 
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7.4.3 L. multiflorum genetic map 
The genetic map of the L. multiflorum population is shown in Fig. 7.3.  A 
total of 553 markers were included in this analysis: 22% were heterozygous in 
the susceptible parent (B-90), 30% were heterozygous in the resistant parent 
(Axis3) and 48% were heterozygous in both parents.   
The Axis3 map consists of 10 LGs; the B-90 map consists of 15 LGs.  The 
integrated map includes 133 loci, consists of 18 LGs and spans 1372 cM.  It was 
difficult to integrate both parental maps.  Eleven LGs of the integrated map are 
LGs identified in just one of the parental maps.  LG8T, LG9T and LG10T were 
just found back in the Axis3 parental map; LG11S, LG12S, LG13S, LG14S, 
LG15S, LG16S, LG17S and LG18S were just found in the B-90 map.  The 
mean distance between two consecutive loci is 14.35 cM.  The length of the 
linkage groups varies from 153 cM till 5 cM.  The largest gap between two 
adjacent markers is 50 cM and is situated on LG12S.  On average the genetic 
map consists of 7 markers per chromosome with a maximum of 18 on LG2 and 
a minimum of 3 on LG10T.  Of the mapped markers, 56% are markers deviating 
significantly from the expected Mendelian segregation ratios.  Some LGs 
include just deviating loci such as LG6, LG7 and LG18S.  Potentially R-linked 
markers, identified in the BSA analysis were PC065-R1, PC065-R2 and PC175-
R1.  PC065-R1 maps on LG9T; the other two markers could not be mapped. 
 
7.4.4 QTL analysis in the L. multiflorum population 
Interval mapping revealed 12 markers spread over eight LG of the integrated 
L. multiflorum map to be involved in crown rust resistance.  MQM mapping 
identified two QTLs : one in LG12S and one in LG13S, two linkage groups 
identified in the susceptible parent.  The QTL located in LG12S explains 76% of 
variance and the QTL located in LG13S explains 3% of variation.  The QTLs 
identified by MQM should be taken with care as they appear in very small 
linkage groups, (containing four and seven markers), with large gaps between 
the markers.   
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The results obtained with MapQTLv.4.0. were not consistent with the results 
obtained in the permutation-based method.  The permutation-based approach 
identified in a first step PC038-118 (Fig. 7.4).  After stratification on PC038-
118, CET identified PC430-97 as the most significant marker by CET.  No other 
significantly linked markers have been identified in the L. multiflorum 
population.  PC038-118 and PC430-97 have not been mapped in this L. 
multiflorum population. 
The markers identified in the permutation-based method are more promising.  
Linear regression revealed R2 values of 0.157 and 0.112 for PC038-118 and 
PC430-97 respectively.  Linkage analysis showed that the recombination 
frequency between these markers is 0.40, indicating that they are probably not 
on the same chromosome.  Although they were both a-x-- markers, they were 
not selected in the BSA analysis as they appeared as well in the resistant as in 
the susceptible bulk. 
The phenotypic analysis revealed that in the L. multiflorum population, 
crown rust resistance was inherited in a quantitative way, no major genes were 
suspected to be present (Chapter 2).  None of the three markers selected during 
BSA analysis was significantly linked with crown rust resistance when tested on 
the whole population (Chapter 3).  This was confirmed by the MQM analysis as 
PC065-R1 in LG9T (the only mapped marker of the 3 markers identified in the 
BSA), did not show up as a significant QTL.  The markers found in the 
permutation-based methods are in agreement with the phenotypic analysis in a 
way that they explain a small amount of variation.  This indicates that they are 
linked with minor genes. 
Saturation of the L. multiflorum genetic map is necessary before a thorough 
QTL analysis can be carried out.  Especially, mapping of the two markers 
identified in the permutation-based method should be aimed for. 
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7.4.5 Integration of L. perenne, L. x boucheanum and L. multiflorum 
maps 
To have a general view on QTLs for crown rust resistance in the three 
populations, the integration of the different maps was planned.  Therefore, 
AFLP primer combinations (PC) revealing a high number of AFLP markers in 
common between the three populations were run on all three populations.  An 
overview of the AFLP PC and the number of fragments in common are given in 
Table 7.1.  Between the L. perenne and L. multiflorum map, just two markers 
were in common; between the L. perenne and L. x boucheanum map, eleven 
markers and between the L. x boucheanum and L. multiflorum map, six markers.  
This low number of markers in common did not permit the integration of the 
maps. 
 
Table 7.1 : Number of polymorphic and mapped markers in the three populations and 
number of mapped, polymorphic markers in common between the populations. (- = PC was 
not run on this population, NC = PC was not in common). 
 # polymorphic markers # mapped markers # commonly mapped 
AFLP PC lp lh lm lp lh lm lp-lh lp-lm lm-lh 
1 86 - 88 9 - 16 NC 2 NC 
8 61 62 - 20 23 - 2 NC NC 
26 44 69 - 26 18 - 2 NC NC 
78 47 53 - 13 18 - 1 NC NC 
178 - 102 76 - 43 22 NC NC 4 
400 67 86 101 24 28 12 3 0 2 
407 49 87 - 20 21 - 3 NC NC 
Total 354 459 265 112 151 50 11 2 6 
 
7.5 Conclusion 
Using mainly AFLPs and a few co-dominant markers, we were not able to 
construct genetic maps of high quality in the L. x boucheanum and L. 
multiflorum populations.  Several linkage groups were just identified in one 
parental map and could not be integrated with a linkage group of the other 
parental map.  Large gaps between markers were also present in the maps, 
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i n d i c a t i n g  a  l o w  l e v e l  o f  s a t u r a t i o n .   T h e  l o w  i n f o r m a t i o n  c o n t e n t  o f  A F L P  
m a r k e r s  a n d  i n  t h e  L .  x  b o u c h e a n u m  p o p u l a t i o n  t h e  s m a l l  p o p u l a t i o n  s i z e  w e r e  
t h e  m a i n  r e a s o n s  f o r  t h e  l o w  q u a l i t y  o f  t h e  m a p s .   T h i s  h a d  i t s  c o n s e q u e n c e s  f o r  
Q T L  a n a l y s i s .   Q T L  a n a l y s i s  u s i n g  M Q M  a n d  t h e  p e r m u t a t i o n - b a s e d  m e t h o d  d i d  
n o t  r e v e a l  t h e  s a m e  Q T L s .   G i v e n  t h e  c h a r a c t e r i s t i c s  o f  t h e  m a p s ,  t h e  r e s u l t s  
o b t a i n e d  i n  t h e  M Q M  a n a l y s i s  s h o u l d  b e  t a k e n  w i t h  c a r e  b e c a u s e  o f  t h e  l o w  
q u a l i t y  o f  t h e  g e n e t i c  m a p s .   M a n y  m a r k e r s  w e r e  n o t  m a p p e d ,  a n d  a s  
c o n s e q u e n c e  t h e y  w e r e  n o t  i n c l u d e d  i n  t h e  M Q M  a n a l y s i s .   U n d e r  t h e s e  
c i r c u m s t a n c e s ,  t h e  p e r m u t a t i o n - b a s e d  m e t h o d s  p r o v i d e  p r o b a b l y  m o r e  r e l i a b l e  
r e s u l t s .   
M Q M  i n  t h e  L .  x  b o u c h e a n u m  p o p u l a t i o n  i d e n t i f i e d  o n e  Q T L  a t  a  g e n o m i c  
r e g i o n  c o n t a i n i n g  m a r k e r s  s e l e c t e d  i n  t h e  B S A  a n a l y s i s .   T h i s  r e s u l t  c o n f i r m s  
t h e  c o n c l u s i o n s  o b t a i n e d  i n  t h e  B S A ,  t h a t  t h o s e  m a r k e r s  i d e n t i f y  l o c i  i n v o l v e d  i n  
c r o w n  r u s t  r e s i s t a n c e .   W h e t h e r  t h i s  Q T L  c o i n c i d e s  w i t h  o n e  o f  t h e  Q T L s  
i d e n t i f i e d  i n  t h e  L .  p e r e n n e  m a p  r e m a i n s  t o  b e  t e s t e d .   T h e  m a r k e r s  i d e n t i f i e d  i n  
t h e  p e r m u t a t i o n - b a s e d  m e t h o d  w e r e  p r o m i s i n g  a s  o n e  m a r k e r  i d e n t i f i e d  i n  t h e  L .  
x  b o u c h e a n u m  p o p u l a t i o n  h a d  a  R
2
 v a l u e  o f  0 . 4 3 .   U n f o r t u n a t e l y  w e  w e r e  u n a b l e  
t o  m a p  t h i s  m a r k e r .   I n  s u m m a r y ,  w e  i d e n t i f i e d  t w o  Q T L s  ( o n e  m a p p e d  a n d  o n e  
u n m a p p e d )  i n v o l v e d  i n  c r o w n  r u s t  r e s i s t a n c e .  T h i s  i s  i n  l i n e  w i t h  t h e  h y p o t h e s i s  
o b t a i n e d  a f t e r  p h e n o t y p i c  a n a l y s i s  i n  w h i c h  w e  a s s u m e d  t h a t  c r o w n  r u s t  
r e s i s t a n c e  i n  t h e  L .  x  b o u c h e a n u m  i s  c o n f e r r e d  b y  t w o  m a j o r  g e n e s .  
I n  t h e  L .  m u l t i f l o r u m  p o p u l a t i o n ,  M Q M  i d e n t i f i e d  Q T L s  o n  s m a l l  L G s .   
T h e s e  r e s u l t s  s h o u l d  b e  t a k e n  w i t h  c a r e  a s  o n  t h e s e  L G s  l a r g e  g a p s  w e r e  p r e s e n t .   
O n  t h e  o t h e r  h a n d ,  t h e  p e r m u t a t i o n - b a s e d  a p p r o a c h  r e v e a l e d  t w o  i n t e r e s t i n g  
m a r k e r s  :  P C 0 3 8 - 1 1 8  a n d  P C 4 3 0 - 9 7  w i t h  R
2  
v a l u e s  o f  0 . 1 5  a n d  0 . 1 1 .   T h e s e  
m a r k e r s  w e r e  u n m a p p e d  a n d  t e n d e d  t o  b e  u n l i n k e d .   T h i s  a s s u m e s  t h a t  t h e  
m a r k e r s  m a p  t o  d i f f e r e n t  c h r o m o s o m e s .   T h e s e  m a r k e r s ,  i f  t i g h t l y  l i n k e d  w i t h  
Q T L s ,  r e s p r e s e n t  g e n o m i c  r e g i o n s  w i t h  m i n o r  e f f e c t s .   T h i s  i s  i n  a c c o r d a n c e  
w i t h  t h e  p h e n o t y p i c  a n a l y s i s  i n  w h i c h  w e  h y p o t h e s i s e d  t h a t  r e s i s t a n c e  i n  t h e  L .  
m u l t i f l o r u m   p o p u l a t i o n  w a s  c o n f e r r e d  b y  m i n o r  g e n e s  w i t h  a d d i t i v e  e f f e c t .  
W e  w e r e  u n a b l e  t o  i n t e g r a t e  t h e  t h r e e  m a p s ,  d u e  t o  b o t h  t h e  l o w  q u a l i t y  o f  
t h e  L .  x  b o u c h e a n u m  a n d  L .  m u l t i f l o r u m  m a p s ,  a n d  t h e  l o w  n u m b e r  o f  c o -
d o m i n a n t  m a r k e r s  s u i t a b l e  f o r  m a p - i n t e g r a t i o n .   W e  c a n  t h e r e f o r e  c o n c l u d e  t h a t  
t h e  h i g h  a m o u n t  o f  c o - d o m i n a n t  m a r k e r s  a n d  t h e  b i g  p o p u l a t i o n  s i z e  u s e d  t o  
c o n s t r u c t  t h e  L .  p e r e n n e  m a p  a r e  n e c e s s a r y  c o n d i t i o n s  t o  e s t a b l i s h  a  g e n e t i c  
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linkage map which can be aligned with other maps and on which a thorough 
QTL analysis can be performed.  Co-dominant marker techniques are 
indispensable and needed next to a high-throughput marker system generating a 
high number of markers like AFLP.  The lack of freely available, high-
throughput co-dominant marker systems like SSRs and STS hampers the 
establishment and alignments of linkage maps in the outcrossing species Lolium.  
For example, the high number of SSRs included in the L. perenne map could not 
be tested in the L. x boucheanum or the L. multiflorum population as they are not 
freely available. 
To improve the quality of the study, the L. x boucheanum and the L. 
multiflorum maps will be saturated with dominant and co-dominant markers.  
This will enable the alignment of the different maps and mapping of promising 
markers identified in the permutation-based QTL analysis. 
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Chapter 8 
General discussion, conclusions and 
future perspectives 
8.1 General discussion and conclusions 
8.1.1 Inheritance of crown rust resistance 
In this PhD thesis, crown rust resistance in Lolium was studied on the basis of 
F1 populations segregating for crown rust resistance.  Phenotypic analysis 
revealed no maternal effects on crown rust resistance in the three selected 
populations.  In the L. perenne and L. x boucheanum population, crown rust 
resistance was found to be oligogenic; one or two major dominant genes are 
involved, of which the action is modified by minor genes.  In the L. multiflorum 
populations, quantitative resistance conferred by several minor genes with 
additive action was hypothesized.   
As Puccinia spp. are biotrophic fungi, genes that display characteristic gene-
for-gene specificity were expected to be active in these populations.  Wise et al. 
(1996) stated that this kind of genes are often found in the resistance of 
monocotyledonous species to obligate fungal biotrophs, such as Zea mays to 
Puccinia sorghi, Triticum aestivum to Puccinia spp. and Hordeum vulgare to 
Erysiphe graminis.  The major genes identified in the L. perenne and L. x 
boucheanum population resemble this kind of genes.  Qualitative resistance 
against Puccinia coronata in Lolium had already been reported (McVeigh, 1975; 
Wilkins, 1975; Schmidt, 1980; Lellbach, 2000).  McVeigh (1975) reported on 
qualitative resistance controlled by recessive alleles, but in the present study, 
dominant alleles were hypothesised.  Dominant resistance alleles were also found 
by Wilkins (1975) and Schmidt (1980).  Schmidt (1980) observed that the action 
of the major genes was modified by several complementary minor genes with 
additive interaction, which is also the case in the L. perenne and L. x 
boucheanum population presented in this study. 
An extreme case of action of minor genes was found in the L. multiflorum  
population, in which no major R genes were found and in which resistance 
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s e e m e d  t o  b e  c o n f e r r e d  b y  t h e  c o m b i n e d  a c t i o n  o f  m u l t i p l e  g e n e s  w i t h  s m a l l  
i n d i v i d u a l  e f f e c t  o n  t h e  p h e n o t y p e .  
 
8 . 1 . 2  D e t e c t i o n  o f  t r a i t  l i n k e d  m a r k e r s  
T o  d i s s e c t  t h e  g e n e t i c  b a c k g r o u n d  o f  t h e  r e s i s t a n c e  m e c h a n i s m s  f o u n d ,  D N A  
m a r k e r s  w e r e  u s e d  t o  i d e n t i f y  g e n o m i c  r e g i o n s  l i n k e d  w i t h  t h e  t r a i t .   T h r e e  
a p p r o a c h e s  w e r e  e m p l o y e d  t o  i d e n t i f y  s i g n i f i c a n t  l i n k a g e s  b e t w e e n  m a r k e r  a n d  
t r a i t  :  B u l k  S e g r e g a n t  A n a l y s i s ,  m a p - b a s e d  Q T L  a n a l y s i s  a n d  p e r m u t a t i o n - b a s e d  
Q T L  a n a l y s i s .  
I n  t h e  L .  p e r e n n e  p o p u l a t i o n  w i t h  o l i g o g e n i c  r e s i s t a n c e ,  B S A  r e v e a l e d  t w o  
g r o u p s  o f  m a r k e r s  t a g g i n g  m a j o r  g e n e s  i n v o l v e d  i n  r e s i s t a n c e .   T h e  s a m e  
m a r k e r s  w e r e  i d e n t i f i e d  b y  t h e  m a p - b a s e d  a n d  p e r m u t a t i o n - b a s e d  Q T L  a n a l y s i s .   
H o w e v e r ,  t h e  m a p - b a s e d  Q T L  a n a l y s i s  r e v e a l e d  t w o  a d d i t i o n a l  g r o u p s  o f  
m a r k e r s  s i g n i f i c a n t l y  l i n k e d  w i t h  c r o w n  r u s t  r e s i s t a n c e .    
I n  t h e  L .  x  b o u c h e a n u m  p o p u l a t i o n ,  a l s o  d i s p l a y i n g  o l i g o g e n i c  r e s i s t a n c e ,  B S A  
r e v e a l e d  m a r k e r s  s i g n i f i c a n t l y  l i n k e d  w i t h  c r o w n  r u s t  r e s i s t a n c e .   M a p - b a s e d  
Q T L  a n a l y s i s  i d e n t i f i e d  t h e  s a m e  m a r k e r s  t o  b e  l i n k e d  w i t h  t h e  t r a i t .   T h e  
p e r m u t a t i o n - b a s e d  Q T L  a n a l y s i s  w a s  a b l e  t o  i d e n t i f y  a d d i t i o n a l  m a r k e r s  
s i g n i f i c a n t l y  l i n k e d  w i t h  c r o w n  r u s t  r e s i s t a n c e ,  b u t  w h i c h  h a d  n o t  b e e n  m a p p e d ,  
a n d  w e r e  t h e r e f o r e  n o t  d e t e c t e d  d u r i n g  t h e  m a p - b a s e d  Q T L  a n a l y s i s .  
I n  t h e  L .  m u l t i f l o r u m  p o p u l a t i o n  w i t h  p o l y g e n i c  r e s i s t a n c e ,  B S A  f a i l e d  t o  
i d e n t i f y  m a r k e r s  s i g n i f i c a n t l y  l i n k e d  w i t h  c r o w n  r u s t  r e s i s t a n c e .   D u e  t o  t h e  l o w  
q u a l i t y  o f  t h e  g e n e t i c  l i n k a g e  m a p ,  a  m a p - b a s e d  Q T L  a n a l y s i s  w a s  n o t  
a p p r o p r i a t e  f o r  t h i s  p o p u l a t i o n .   T h e  p e r m u t a t i o n - b a s e d  m e t h o d  s h o w e d  t o  b e  
t h e  m o s t  s u c c e s s f u l ,  a s  t w o  u n l i n k e d  m a r k e r s  w e r e  i d e n t i f i e d  t o  b e  s i g n i f i c a n t l y  
l i n k e d  w i t h  c r o w n  r u s t  r e s i s t a n c e .  
T h e r e f o r e ,  w e  h a v e  d e m o n s t r a t e d  t h a t  w h e n  o l i g o g e n i c  t r a i t s  a r e  s t u d i e d ,  B S A  
i s  a n  i n t e r e s t i n g  a p p r o a c h  t o  i d e n t i f y  m a r k e r s  l i n k e d  w i t h  l o c i  h a v i n g  a  b i g  e f f e c t  
o n  t h e  t r a i t  ( e . g .  i n  L .  p e r e n n e  a n d  L .  x  b o u c h e a n u m  p o p u l a t i o n ) .   H o w e v e r  
w h e n  s t u d y i n g  o l i g o g e n i c  r e s i s t a n c e ,  m a p - b a s e d  o r  p e r m u t a t i o n - b a s e d  Q T L  
a n a l y s i s  a r e  a b l e  t o  i d e n t i f y  m i n o r  g e n e s  i n f l u e n c i n g  t h e  a c t i o n  o f  t h e  m a j o r  
g e n e s  ( f . e .  i n  t h e  L .  p e r e n n e  p o p u l a t i o n )  w h i l e  B S A  i s  n o t .   I f  p o l y g e n i c  
r e s i s t a n c e  i s  s t u d i e d ,  B S A  i s  n o t  s u i t a b l e ;  a t  l e a s t  i n  t h e  w a y  B S A  w a s  p e r f o r m e d  
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in this study (e.g. L. multiflorum population).  In the case of polygenic 
resistance, map-based or permutation-based QTL analysis are both suited.  If the 
quality of the map is acceptable, map-based QTL analysis is the most appropriate 
choice when dealing with polygenic resistance.  Permutation-based methods are 
especially useful when no linkage map is available or when the available map is 
unsaturated and fragmented (as in the L. multiflorum and L. x boucheanum 
population).  As it does not use map information, permutation-based QTL 
analysis is helpful to screen unmapped markers for significant associations with 
the trait. 
The incorporation of map data in the permutation-based methods used in this 
PhD thesis should be aimed for, as in contrast to available map-based methods 
they can handle phenotypic data deviating from the normal distribution, while 
the described permutation-based method can.  Another important advantage is 
that they take into account the multiple testing problem. 
A demonstration that the two-way pseudo-testcross is suited to linkage 
mapping in Lolium opens new perspectives for the identification of markers 
linked to other traits, as the most extreme phenotypes can be used as crossing 
parents or the construction of segregating populations. 
 
8.1.2.1 Markers identified in the L. perenne mapping population 
The highest resolution of genetic dissection of the trait studied in the L. 
perenne population was achieved with the map-based QTL analysis.  Four QTLs 
were identified explaining 45.5% of the variation.  Two QTLs are situated in LG1 
and two in LG2.  These results can explain the phenotypic segregation data.  Out 
of the phenotypic segregation data, two major genes showing no interaction were 
expected to be present in this population.  It was probably not possible to 
distinguish the QTLs situated in the same linkage group on the basis of the 
phenotypic data and QTLs on the same linkage group were phenotypically 
identified as one major gene. 
BSA, initially proposed for mapping major genes, was very effective in 
targeting markers linked with loci with a big effect on crown rust resistance.  
Two clusters of markers linked with resistance were identified.  Cluster 1 
(PC106-R2 and PC168-R1) explains 25% and cluster 2 (PC026-R3 and PC026-
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R 4 )  5 %  o f  t h e  p h e n o t y p i c  v a r i a n c e .   T h e s e  m a r k e r s  c o i n c i d e  a l l  w i t h  Q T L s  
i d e n t i f i e d  i n  t h e  Q T L  a n a l y s i s .   B S A  c l u s t e r  1  c o i n c i d e s  w i t h  Q T L 2  o n  L G 1  a n d  
c l u s t e r  2  c o i n c i d e s  t o  Q T L 4  o n  L G 2 .   T h e r e f o r e ,  B S A  i d e n t i f i e d  t h e  t w o  m a j o r  
g e n o m i c  r e g i o n s  i n v o l v e d  i n  c r o w n  r u s t  r e s i s t a n c e  i n  t h i s  p o p u l a t i o n .   B u t  a s  i n  
t h e  p h e n o t y p i c  a n a l y s i s ,  t h e  Q T L s  l o c a l i s e d  o n  t h e  s a m e  L G  c o u l d  n o t  b e  
d i f f e r e n t i a t e d  f r o m  e a c h  o t h e r  u s i n g  B S A .   T h i s  i n d i c a t e s  t h a t  B S A  i s  a  s u i t a b l e  
m e t h o d  f o r  t h e  r a p i d  i d e n t i f i c a t i o n  o f  m a r k e r s  l i n k e d  w i t h  m a j o r  g e n e s .   A  m a p -
b a s e d  Q T L  a n a l y s i s  e n a b l e s  m o r e  p r e c i s e  l o c a l i z a t i o n  a n d  i d e n t i f i c a t i o n  o f  
c l o s e l y  l i n k e d  Q T L s  w i t h  m i n o r  e f f e c t s .  
 
8 . 1 . 2 . 2  M a r k e r s  i d e n t i f i e d  i n  t h e  L .  x  b o u c h e a n u m  m a p p i n g  p o p u l a t i o n  
I n  t h e  L .  x  b o u c h e a n u m  p o p u l a t i o n ,  a  g r o u p  o f  l i n k e d  m a r k e r s  w h i c h  
e x p l a i n e d  1 5 %  o f  v a r i a t i o n  w a s  i d e n t i f i e d  i n  t h e  B S A .   O n e  u n m a p p e d  m a r k e r  
e x p l a i n i n g  4 3 %  o f  v a r i a t i o n  w a s  i d e n t i f i e d  i n  t h e  p e r m u t a t i o n - b a s e d  m e t h o d .   
T h i s  c o m p l i e s  w i t h  t h e  p h e n o t y p i c  s e g r e g a t i o n  d a t a  s u g g e s t i n g  t h a t  t w o  m a j o r  
g e n e s  a r e  i n v o l v e d  i n  c r o w n  r u s t  r e s i s t a n c e .    
T h e  u n m a p p e d  m a r k e r  e x p l a i n i n g  t h e  h i g h e s t  v a r i a t i o n  w a s  n o t  i d e n t i f i e d  i n  
t h e  B S A  a s  i t  w a s  a n  a- x a -  m a r k e r .   T h e s e  m a r k e r s  w e r e  n o t  o f  i n t e r e s t  i n  t h e  
B S A  a s  j u s t  a - x - -  a n d  - - x a -  a r e  a n a l y s e d .   T h i s  i s  a  d i s a d v a n t a g e  o f  B S A ,  a s  t h i s  
m e t h o d  c a n  j u s t  d e t e c t  r e g i o n s  w h i c h  t h e  p a r e n t s  a r e  p o l y m o r p h i c  f o r .  
 
8 . 1 . 2 . 3  M a r k e r s  i d e n t i f i e d  i n  t h e  L .  m u l t i f l o r u m  m a p p i n g  p o p u l a t i o n  
I n  t h e  L .  m u l t i f l o r u m  p o p u l a t i o n ,  t w o  u n l i n k e d ,  u n m a p p e d  m a r k e r s  w e r e  
i d e n t i f i e d  u s i n g  t h e  p e r m u t a t i o n - b a s e d  m e t h o d ,  e x p l a i n i n g  1 5 %  a n d  1 1 %  o f  t h e  
p h e n o t y p i c  v a r i a t i o n .   T h e s e  m a r k e r s ,  i f  t i g h t l y  l i n k e d  w i t h  Q T L s ,  r e p r e s e n t  
g e n o m i c  r e g i o n s  w i t h  m i n o r  e f f e c t s .   T h i s  i s  i n  a c c o r d a n c e  w i t h  t h e  p h e n o t y p i c  
s e g r e g a t i o n  d a t a ,  f r o m  w h i c h  m i n o r  g e n e s  w e r e  e x p e c t e d  t o  b e  i n v o l v e d  i n  
c r o w n  r u s t  r e s i s t a n c e .   B S A  w a s  n o t  e f f e c t i v e  a s  i t  d i d  n o t  d e t e c t  a n y  m a r k e r  
l i n k e d  w i t h  t h e  p o l y g e n i c  t r a i t ,  p r o b a b l y  d u e  t o  t h e  l o w e r  p h e n o t y p i c  e f f e c t  o f  
e a c h  i n d i v i d u a l  Q T L ,  i n  c o m p a r i s o n  t o  t h e   L .  p e r e n n e  p o p u l a t i o n .  
I n  t h e  L .  x  b o u c h e a n u m  a n d  L .  m u l t i f l o r u m  p o p u l a t i o n s ,  t h e  c o n s t r u c t e d  
l i n k a g e  m a p  w a s  u n s a t u r a t e d .   I f  t h e  q u a l i t y  o f  t h e  m a p  i s  i m p r o v e d ,  a  m a p -
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based QTL analysis would be the most appropriate choice; especially in the case 
of the L. multiflorum population as in this population just quantitative resistance 
was observed.   
 
8.1.3 Map quality, marker quality 
The high resolution QTL mapping achieved in the L. perenne population was 
mainly due to the high quality of the genetic map.  The map was highly saturated 
with co-dominant markers generated with different marker techniques.  These 
markers were highly informative for linkage phase determination.   
High quality maps could not be obtained in the L. multiflorum and L. x 
boucheanum population, proving that the two-way pseudo-testcross procedure 
with mainly dominant markers is not optimal for map construction and QTL 
analysis in this kind of segregating populations.  The incorporation of the a-xa- 
markers into the linkage analysis was necessary for the integration of the parental 
maps, but these markers are not informative for linkage phase determination 
(Maliepaard et al., 1998) and contributed to the low quality of the maps.  In the 
L. multiflorum and L. x boucheanum population, it was difficult to integrate the 
parental linkage maps and linkage groups were fragmented resulting in 
numerous, small groups.  In contrast to the permutation-based technique, which 
was successful in identifying AFLPs linked with crown rust resistance in L. x 
boucheanum and L. multiflorum populations, the map-based method was not 
suitable for QTL analysis due to the quality of the maps.  Improving the quality 
of both maps by using co-dominant markers, will give a more detailed view on 
the genetic organization of crown rust resistance in these populations and will 
allow the alignment of the three genetic maps generated in this study.  This could 
not be done now solely on the basis of AFLPs and a few co-dominant markers. 
In the L. perenne population, the RFLP markers and the SSRs developed by 
Jones et al. (2002b) enabled the alignment of the integrated map with the ILGI 
map.  The RFLP markers, included in the presented L. perenne map, revealed 
additional information and mostly confirmation of the synteny study made by 
Jones et al. (2002a) was observed.  However, inconsistencies with the results 
presented by Jones et al. (2002a) were found.  RFLP probes not mapped by 
Jones et al. (2002a) but mapped in the present linkage map revealed evidence for 
different syntenic relationships than those proposed by Jones et al. (2002a).  
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A l i g n m e n t  o f  a l l  a v a i l a b l e  L o l i u m  m a p s  c o n t a i n i n g  m a r k e r s  s u i t a b l e  f o r  
c o m p a r a t i v e  m a p p i n g  w i l l  h e l p  t o  i m p r o v e  a n d  g e n e r a l i z e  t h e  k n o w l e d g e  o n  
s y n t e n i c  r e l a t i o n s h i p s  b e t w e e n  L o l i u m  a n d  o t h e r  G r a m i n e a e .  
S o m e  s p e c u l a t i o n s  h a v e  b e e n  m a d e  o n  s y n t e n i c  r e l a t i o n s h i p s  a t  t h e  Q T L  l e v e l .   
T h e  p r e s e n c e  o f  h o m o l o g o u s  r e g i o n s  c o n t a i n i n g  r e s i s t a n c e  g e n e s  i n  d i f f e r e n t  
m o n o c o t  s p e c i e s  ( T r i t i c e a e ,  o a t s ,  r i c e )  h a d  b e e n  r e p o r t e d  b y  V a n  D e y n z e  e t  a l .  
( 1 9 9 5 a ) ,  B u s h  a n d  W i s e  ( 1 9 9 8 )  a n d  Y u  a n d  W i s e  ( 2 0 0 0 ) .   T h e  Q T L s  i d e n t i f i e d  i n  
t h e  L .  p e r e n n e  p o p u l a t i o n  m a p  o n t o  L G 1  a n d  L G 2  o f  L o l i u m ,  w h i c h  a r e  s y n t e n i c  
w i t h  L G A  a n d  L G B  o f  o a t  r e s p e c t i v e l y  a n d  w i t h  L G 1  a n d  L G 2  o f  t h e  T r i t i c e a e  
r e s p e c t i v e l y .   T h e s e  h o m o l o g o u s  g r o u p s  o f  c h r o m o s o m e s  a r e  c h r o m o s o m e s  o n  
w h i c h  r e s i s t a n c e  g e n e s  h a v e  b e e n  i d e n t i f i e d ;  l e a f  r u s t  g e n e s  i n  w h e a t  a n d  c r o w n  
r u s t  g e n e s  i n  o a t .   T h i s  o u t c o m e  i n d i c a t e s  t h a t  a  d e t a i l e d  c o m p a r a t i v e  m a p p i n g  
s t u d y  o f  t h e s e  t w o  L G s  i s  c e r t a i n l y  c h a l l e n g i n g .   
A  n u m b e r  o f  m a r k e r s  w i t h  s e q u e n c e  i n f o r m a t i o n  w a s  u s e d .   T h e  S T S  m a r k e r s  
a n d  R G A  m a r k e r s  a m p l i f i e d  s e q u e n c e s  w i t h  h o m o l o g y  t o  e x p r e s s e d  g e n e s .   
P r o m i s i n g  w a s  t h a t  t h e  R G A  f r a g m e n t  m a p  o n  L G 1 ;  a  L G  o n  w h i c h  Q T L s  f o r  
c r o w n  r u s t  r e s i s t a n c e  i n  t h e  L .  p e r e n n e  p o p u l a t i o n  w e r e  i d e n t i f i e d .   T h e s e  S T S  
m a r k e r s  w e r e  o f t e n  c o - d o m i n a n t  m a r k e r s ,  w i t h  a  h i g h  i n f o r m a t i o n  c o n t e n t  f o r  
l i n k a g e  p h a s e  d e t e r m i n a t i o n .   T h e  i m p o r t a n c e  o f  e m p l o y m e n t  o f  S T S  m a r k e r s  
d e r i v e d  f r o m  e x p r e s s e d  s e q u e n c e s  i s  i n c r e a s i n g ,  e s p e c i a l l y  w h e n  t h e  
i d e n t i f i c a t i o n  o f  c a n d i d a t e  g e n e s  f o r  Q T L s  l i n k e d  w i t h  s p e c i f i c  t r a i t s  a r e  a i m e d  
f o r .    T h i s  i s  t h e  m a i n  a i m  o f  a  c u r r e n t l y  o n g o i n g  E U - p r o j e c t  ( G R A S P )  a t  t h e  
D v P    
 
8 . 2  F u t u r e  p e r s p e c t i v e s  
T h e  c o n c l u s i o n s  o f  t h e  p r e s e n t  t h e s i s ,  e s p e c i a l l y  f o r  t h e  L .  p e r e n n e  p o p u l a t i o n  
o p e n  n i c e  p e r s p e c t i v e s  b o t h  f o r  f u r t h e r  r e s e a r c h  o n  c r o w n  r u s t  r e s i s t a n c e  a n d  f o r  
t h e  d e v e l o p m e n t  o f  M A S  s c h e m e s .   W e  s h o u l d  b e a r  i n  m i n d  t h a t  t h e  r e s u l t s  o f  
t h i s  s t u d y  a r e  b a s e d  o n  p h e n o t y p i c  a n a l y s i s  o n  s e e d l i n g s  u s i n g  o n e  s p o r e  m i x t u r e  
i n  a n  a r t i f i c i a l  i n o c u l a t i o n  m e t h o d .   T h i s  i s  a  g o o d  s t a r t i n g  p o i n t  t o  i d e n t i f y  
g e n o m i c  r e g i o n s  i n v o l v e d  i n  c r o w n  r u s t  r e s i s t a n c e  i n  L o l i u m  p o p u l a t i o n s ,  a s  t h e  
e n v i r o n m e n t a l  c o n d i t i o n s  a r e  c o n t r o l l e d  a n d  a n  u n i f o r m  s p o r e  m i x t u r e  i s  u s e d .   
H o w e v e r ,  i t  i s  v e r y  i n t e r e s t i n g  t o  c o m p a r e  t h e s e  r e s u l t s  w i t h  p h e n o t y p i c  d a t a  
o b t a i n e d  o n  a d u l t  p l a n t s ,  u s i n g  d i f f e r e n t  s p o r e  m i x t u r e s  o r  s i n g l e  s p o r e  i s o l a t e s  
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and in different environments.  This constitutes one of the future aims in the 
framework of this research.  But given that we find synteny at QTL level with 
other species, the QTLs identified might represent genomic regions in general 
resistance or genomic regions in which R genes are clustered (gene-for-gene 
resistance).  The latter case is likely as the mapped RGA fragment coincides with 
QTL2 on LG1.  It is interesting to analyze this population for resistance to other 
diseases affecting Lolium like bacterial wilt, leaf rust and stem rust and to know 
the positions of QTLs for resistance to these diseases.  This will give an 
indication of genomic regions involved in general resistance. 
The QTLs identified in this study will be further explored.  In the first place, 
these QTLs can be accurately described and followed in crosses.  A start has 
been made to study the different alleles present in the four QTLs.  The selfings 
described in Chapter 2 are being genotypically analysed and the QTL 
configurations will be determined.  This will allow to study the effects of alleles 
in different configurations (homozygous, specific allele combinations, QTL 
combinations) on the phenotype. 
In practical plant breeding, these QTLs can be employed for genotype-
building, which means the use of markers to design new genotypes combining 
favourable alleles previously detected at a number of loci (Hospital et al., 2001).  
The QTLs can be studied in different configurations, and the best performing 
configuration (homozygous, heterozygous, epistatic effects) can be selected.  
Elite plants can then be used in polycrosses serving as a donor for resistance or 
plants can be exploited in an introgression program.  Interesting alleles can be 
introgressed into the breeding pool and used to build up a resistant variety. 
A second direction, that will be taken with the obtained results, is divergent 
selection on the basis of marker presence.  The efficiency of divergent selection 
on the basis of marker presence/absence will be compared with the efficiency of 
divergent selection based on the phenotype (resistant/susceptible).  The L. 
perenne F1 population will be divided into subpopulations based on the 
presence/absence of markers positively linked with crown rust resistance.  The 
same will be done on the basis of the phenotypic value of the F1 plants.  These 
sub-populations, based on phenotypic selection and on marker selection will be 
multiplied and the progress of crown rust resistance within these multiplied 
populations will be compared.  This will allow us to evaluate the efficiency of 
divergent selection on the basis of phenotype and marker configuration.  
C h a p t e r  8  
1 6 0  
I n  t h e s e  t w o  a p p l i c a t i o n s ,  w e  h a v e  t o  b e a r  i n  m i n d  t h a t  t h e  e f f i c i e n c y  o f  
m a r k e r - b a s e d  s e l e c t i o n  i s  r e s t r i c t e d  b y  t h e  r e c o m b i n a t i o n s  t a k i n g  p l a c e  b e t w e e n  
t h e  m a r k e r s  a n d  t h e  Q T L .   H e n c e ,  o n e  h a s  t o  a c c e l e r a t e  t h e  r e s p o n s e  t o  s e l e c t i o n  
t o  f i x  f a v o u r a b l e  Q T L  a l l e l e s  b e f o r e  m a r k e r - Q T L  l i n k a g e  d i s e q u i l i b r i u m  
v a n i s h e s  ( H o s p i t a l  e t  a l . ,  2 0 0 1 ) .    
A  t h i r d  d i r e c t i o n ,  i n  w h i c h  t h i s  r e s e a r c h  w i l l  p r o c e e d ,  i s  i n  t e s t i n g  t h e  m a r k e r  
a l l e l e - Q T L  a s s o c i a t i o n  i n  a  g e n e t i c a l l y  b r o a d e r  p o p u l a t i o n .   O f t e n  i t  i s  s t a t e d  t h a t  
r e s u l t s  o b t a i n e d  i n  o n e  c r o s s  o n l y  a p p l y  i n  t h i s  a n a l y s e d  c r o s s  a n d  t h a t  c e r t a i n  
r i s k s  a r e  t a k e n  i n  e x t r a p o l a t i n g  t h e m  t o  o t h e r  g e n o t y p e s  ( M i f l i n ,  2 0 0 0 ) .   T h e  
m a r k e r  a l l e l e s  l i n k e d  w i t h  i d e n t i f i e d  Q T L s  w i l l  b e  t e s t e d  f o r  t h e i r  a s s o c i a t i o n  
w i t h  c r o w n  r u s t  r e s i s t a n c e  i n  c o l l e c t i o n s  o f  p l a n t s  w i t h  b r o a d  g e n e t i c  b a s i s .   T h e  
b r e e d i n g  p o o l  o f  D v P  h a s  b e e n  s a m p l e d  f o r  t h i s  p u r p o s e .    T h e  v a l i d i t y  o f  t h e  
m a r k e r s  i n  o t h e r  m a p p i n g  p o p u l a t i o n s  i s  b e i n g  t e s t e d  i n  c o l l a b o r a t i o n  w i t h  R .  
K o l l i k e r  ( F A L ,  S w i t z e r l a n d ) .    
F i n a l l y ,  t h e  l i n k a g e  m a p  c o n s t r u c t e d  f o r  L .  p e r e n n e  r e p r e s e n t s  a n  i m p o r t a n t  
t o o l  f o r  f u r t h e r  d e v e l o p m e n t s  i n  r y e g r a s s - r e s e a r c h .   T h e  m a p  w i l l  b e  f u r t h e r  
s a t u r a t e d  w i t h  m o l e c u l a r  a n d  p h e n o t y p i c  i n f o r m a t i o n  ( s u c h  a s  h e a d i n g  d a t e  a n d  
s e e d  c h a r a c t e r i s t i c s ) .  
T h e  d e v e l o p m e n t  o f  m o r e  c o - d o m i n a n t  m a r k e r s  a n d  m a p  s a t u r a t i o n  i s  a i m e d  
f o r .   A  c o l l e c t i o n  o f  1 3 7  c D N A  s e q u e n c e s ,  d e r i v e d  f r o m  a  c D N A  l i b r a r y  
c o n s t r u c t e d  f r o m  l e a f  t i s s u e  o f  a  L .  p e r e n n e  p l a n t ,  i s  a v a i l a b l e  a t  t h e  D v P .   T h i s  
d a t a b a s e  i s  u s e d  t o  d e v e l o p  c o - d o m i n a n t  S T S  m a r k e r s .   T h e s e  m a r k e r s  a r e  o f  
h i g h  i n t e r e s t  a s  t h e y  d e t e c t  e x p r e s s e d  s e q u e n c e s .   I n t e r e s t i n g  h o m o l o g i e s  w i t h  
s e q u e n c e s  w i t h  k n o w n  f u n c t i o n  w e r e  f o u n d .   I n c o r p o r a t i n g  t h i s  t y p e  o f  m a r k e r s  
w i l l  i n c r e a s e  t h e  c h a n c e  t o  d i s c o v e r  p o t e n t i a l  c a n d i d a t e  g e n e s  w i t h i n  Q T L s  
( W a l s h ,  2 0 0 1 ) .   A  s e t  o f  c o - d o m i n a n t  m a r k e r s ,  e v e n l y  d i s t r i b u t e d  t h r o u g h  t h e  
g e n o m e  a n d  w i t h  s e q u e n c e  i n f o r m a t i o n  i s  o f  e x t r e m e  i n t e r e s t .   T h i s  s e t  c a n  h e l p  
t o  i d e n t i f y  Q T L s ,  t o  c h a r a c t e r i z e  t h e m  a n d  t o  p e r f o r m  a s s o c i a t i o n  s t u d i e s  i n  a  
b r o a d  g e r m p l a s m .    
F u r t h e r m o r e ,  b y  a l i g n i n g  d i f f e r e n t  g e n e t i c  m a p s  ( c o n s t r u c t e d  a t  D v P  o r  a t  
o t h e r  i n s t i t u t e s )  w i t h  Q T L  i n f o r m a t i o n  f o r  d i f f e r e n t  t r a i t s  ( e . g .  n i t r o g e n  u s e  
e f f i c i e n c y ,  w a t e r  s o l u b l e  c a r b o h y d r a t e  c o n t e n t ,  p l a n t  h a b i t u s ,  b i o t i c  a n d  a b i o t i c  
s t r e s s  r e s i s t a n c e ,  … ) ,  a  g e n e r a l  v i e w  w i l l  b e  o b t a i n e d  o f  t h e  g e n o m i c  o r g a n i z a t i o n  
o f  t h e  L o l i u m  g e n o m e .   T h i s  w i l l  g i v e  a  be t t e r  u n d e r s t a n d i n g  o f  t h e  b a s i s  f o r  
g e n e t i c  c o r r e l a t i o n s  b e t w e e n  e c o n o m i c a l l y  i m p o r t a n t  t r a i t s  ( l i n k a g e  a n d / o r  
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pleiotropic relationships between gene blocks controlling associated traits; e.g. 
flowering time and biomass, inflorescence size and inflorescence number, 
productivity and crown rust resistance).  This can facilitate more efficient 
incremental improvement of specific target traits without the risk of linkage drag 




Crown rust, causes severe yield and quality losses in ryegrasses.  The causal 
agent is the biotrophic fungus Puccinia coronata.  The aim of this present study 
was to identify genomic regions in Lolium spp. involved in crown rust 
resistance.  F1 populations segregating for crown rust resistance were created for 
each species included in this study (L. perenne, L. x boucheanum and L. 
multiflorum).  Phenotypic analysis revealed oligogenic resistance in the L. 
perenne and L. x boucheanum populations.  The presence of major genes, of 
which the action was modified by minor genes was put forward.  In the L. 
multiflorum population, polygenic resistance conferred by minor genes with 
additive action was observed.  Markers linked with the resistance genes detected 
in the three populations were obtained and were in accordance with the 
inheritance pattern observed in the phenotypic analysis.  Three approaches were 
employed for the identification of resistance linked markers : bulk segregant 
analysis (BSA), map-based QTL analysis and permutation-based QTL analysis.  
BSA identified markers linked with loci having a big effect on the trait.  Map-
based QTL analysis was appropriate when a linkage map with good genome 
coverage was available.  Permutation-based methods were employed when map 
data was of insufficient quality.  In the L. perenne population, four QTLs were 
identified explaining 45% of variation.  Two QTLs with major effects were 
detected by BSA and by permutation-based methods, however the other two 
QTLs with minor effects were just detected using the map-based approach.  In 
the L. x boucheanum population, two genomic regions were identified 
explaining 15% and 43%.  In the L. multiflorum population, two genomic loci 
with minor effect (16% and 11%) were identified.  Due to low genome coverage 
of the L. x boucheanum and L. multiflorum genetic maps, just one of the two 
resistance linked loci identified in the L. x boucheanum population and none of 
the two resistance linked loci identified in the L. multiflorum population have 
been mapped.  This indicates that the high-resolution QTL mapping in the L. 
perenne population was mainly due to the big population size and to the high 
number of co-dominant markers (SSR, RFLP and STS) used in the linkage map 
construction.  These co-dominant markers enabled the alignment of the 
presented map with other linkage maps of Lolium and Gramineae species.  
Indications of syntenic relationships between Lolium and Gramineae (oat, 
w h e a t ,  b a r l e y  a n d  o t h e r s )  w e r e  f o u n d  a t  t h e  g e n o m i c  l e v e l  a n d  a t  t h e  Q T L  l e v e l .   
Q T L s  i d e n t i f i e d  i n  t h e  L .  p e r e n n e  p o p u l a t i o n  m a p p e d  o n t o  L G 1  a n d  L G 2  w h i c h  
a r e  s y n t e n i c  w i t h  L G A  a n d  L G B  o f  o a t  o n  w h i c h  c r o w n  r u s t  r e s i s t a n c e  g e n e s  
h a v e  b e e n  i d e n t i f i e d .   L G 1  i s  a l s o  s y n t e n i c  w i t h  t h e  g r o u p  1  h o m o l o g o u s  
c h r o m o s o m e s  o f  t h e  T r i t i c e a e .   O n  t h e s e  T r i t i c e a e  c h r o m o s o m e s  l e a f  r u s t  
r e s i s t a n c e  g e n e s  w e r e  i d e n t i f i e d  i n  w h e a t  a n d  b a r l e y .   T h i s  s t u d y  m a d e  a v a i l a b l e  
a  g e n e t i c  l i n k a g e  m a p  s u i t a b l e  f o r  f u r t h e r  r e s e a r c h  a n d  m a r k e r s  l i n k e d  w i t h  
c r o w n  r u s t  r e s i s t a n c e  i n  d i f f e r e n t  L o l i u m  s p p .   T h e s e  m a r k e r s  a r e  n o w  a v a i l a b l e  
f o r  t h e  p l a n t  b r e e d e r  t o  e v a l u a t e  t h e i r  u s e  f o r  M A S  s t r a t e g i e s .  
Samenvatting 
 
Kroonroest veroorzaakt aanzienlijke opbrengst- en kwaliteitsverliezen in 
raaigrassen.  Deze ziekte is het gevolg van een infectie met de biotrofe schimmel 
Puccinia coronata.  Het doel van deze studie was genomische regio’s, die 
betrokken zijn bij kroonroestresistentie in Lolium spp. op te sporen.  Hiertoe 
werden F1 populaties, die segregeerden voor kroonroestresistentie gecreëerd en 
dit voor de twee species opgenomen in deze studie (L. perenne en L. 
multiflorum) en hun interspecifieke hybride L. x boucheanum.  Fenotypische 
analyse toonde aan dat in de L. perenne en de L. x boucheanum populaties 
kroonroestresistentie oligogeen was.  De aanwezigheid van enkele major genen, 
van dewelke de actie gewijzigd wordt door minor genen, werd als hypothese 
vooropgesteld.  In de L. multiflorum populatie werd vooropgesteld dat 
kroonroestresistentie polygeen was, waarbij meerdere genen met additieve actie 
betrokken zijn.  Drie benaderingen werden gebruikt om merkers gekoppeld met 
kroonroestresistentie te identificeren : Bulk Segregant Analysis (BSA), 
kaartgebaseerde QTL analyse en permutatiegebaseerde QTL analyse.  BSA 
identificeerde loci die een groot effect hadden op de bestudeerde eigenschap. 
Kaartgebaseerde QTL analyse was geschikt wanneer een koppelingskaart met 
een goede genoombezetting beschikbaar was.  Permutatiegebaseerde QTL 
analyse werd gebruikt wanneer de kaartgegevens van onvoldoende kwaliteit 
waren.  In de drie populaties werden groepen van merkers gevonden die 
gekoppeld waren met kroonroestresistentie.  In alle populaties was er een 
overeenkomst tussen de hypotheses vooropgesteld na de fenotypische analyse  
en de geïdentificeerde DNA-merkers gekoppeld met kroonroestresistentie.  In de 
L. perenne populatie werden vier QTLs gekarakteriseerd die samen 45% van de 
fenotypische variatie in de populatie verklaarden.  Twee QTLs waren gekoppeld 
met een groot effect en werden gedetecteerd met behulp van de kaartgebaseerde 
en de permutatiegebaseerde QTL analyse.  De merkers gekoppeld met de kleine 
effecten werden slechts gedetecteerd wanneer de kaartgebaseerde methode 
gebruikt werd.  In de L. x boucheanum populatie werden twee genomische 
regio’s geïdentificeerd die respectievelijk 15% en 43% van de fenotypische 
variatie verklaarden.  In de L. multiflorum populatie werden twee genomische 
loci met een klein effect geïdentificeerd (16% en 11%).  Doordat de L. x 
boucheanum en L. multiflorum koppelingskaarten geen goede genoombezetting 
h a d d e n ,  k o n  s l e c h t s  é é n  v a n  d e  t w e e  r e s i s t e n t i e  l o c i  g e ï d e n t i f i c e e r d  i n  L .  x  
b o u c h e a n u m  p o p u l a t i e  e n  g e e n  e n k e l  v a n  d e  t w e e  l o c i  i n  d e  L .  m u l t i f l o r u m  
p o p u l a t i e  g e k a r t e e r d  w o r d e n .   D i t  g e e f t  a a n  d a t  d e  h o g e  r e s o l u t i e  b e k o m e n  b i j  d e  
Q T L  a n a l y s e  i n  d e  L .  p e r e n n e  p o p u l a t i e  h o o f d z a k e l i j k  t e  w i j t e n  i s  a a n  h e t  g r o o t  
a a n t a l  p l a n t e n  i n  d e  k a r t e r i n g s p o p u l a t i e  e n  h e t  g r o o t  a a n t a l  c o - d o m i n a n t e  
m e r k e r s  ( S S R ,  R F L P  a n d  S T S )  g e b r u i k t  t i j d e n s  d e  c o n s t r u c t i e  v a n  d e  
k o p p e l i n g s k a a r t .   D e z e  c o - d o m i n a n t e  m e r k e r s  m a a k t e n  h e t  t e v e n s  m o g e l i j k  o m  
d e  b e k o m e n  k a a r t  t e  v e r g e l i j k e n  m e t  a n d e r e  b e s c h i k b a r e  k o p p e l i n g s k a a r t e n  v a n  
L o l i u m  e n  a n d e r e  G r a m i n e a e  s p e c i e s .   E r  w e r d e n ,  z o w e l  o p  h e t  g e n o m i s c h  a l s  
o p  Q T L  n i v e a u ,  i n d i c a t i e s  g e v o n d e n  v a n  s y n t e n y  t u s s e n  L o l i u m  e n  G r a m i n e a e  
( h a v e r ,  t a r w e ,  g e r s t  e n  a n d e r e ) .   D e  Q T L s  o p g e s p o o r d  i n  d e  L .  p e r e n n e  p o p u l a t i e  
k a r t e r e n  o p  k o p p e l i n g s g r o e p  1  e n  2 .   D e z e  k o p p e l i n g s g r o e p e n  v e r t o n e n  s y n t e n y  
m e t  k o p p e l i n g s g r o e p  A  e n  B  v a n  h a v e r .   O p  d e z e  g r o e p e n  z i j n  g e n e n  
g e l o c a l i s e e r d  d i e  g e k o p p e l d  z i j n  m e t  k r o o n r o e s t r e s i s t e n t i e  i n  h a v e r .   E r  i s  o o k  
s y n t e n y  t u s s e n  k o p p e l i n g s g r o e p  1  v a n  L o l i u m  e n  k o p p e l i n g s g r o e p  1  v a n  d e  
T r i t i c e a e .   I n  g e r s t  e n  t a r w e  w e r d e n  o p  d e z e  g r o e p  g e n e n  g e v o n d e n  d i e  
g e k o p p e l d  z i j n  m e t  r o e s t r e s i s t e n t i e .   D i t  d o c t o r a a t s o n d e r z o e k  l e i d d e  t o t  
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